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Abstract

During mitosis, pairing of homologous chromosomes can be detrimental and has been
correlated with gene misregulation, chromosomal aberrations, and various pathological
diseases. We previously demonstrated that homologous chromosomes are spatially segregated,
or antipaired, in neonatal human endothelial cells at metaphase/anaphase, which may help
prevent abnormal recombination. However, it is unclear if this antipairing persists in adult
endothelial cells. To test whether the antipairing, or one homolog per nuclear hemisphere motif,
is conserved in adult endothelial cells, we examined human aortic endothelial cells at
metaphase. Using ImmunoFISH and high-resolution confocal microscopy to visualize the
chromosomes and centrosomes, we found that small homologous chromosomes 13, 15, 17, 19,
21, 22, and the sex chromosomes, XY, exhibit a loss of spatial segregation in human adult aortic
endothelial cells. In contrast, fewer adult endothelial cells showed a loss of segregation for the
larger chromosomes 1, 4, and XX, suggesting a gradual decline in the fidelity of spatial
segregation of homologous chromosomes. Notably, we observed a higher frequency of
abnormal pairing in both small and large chromosomes in adult aortic endothelial cells as
compared to neonatal umbilical vein endothelial cells. These findings suggest that mechanisms
governing chromosome antipairing may decline with aortic endothelial cell age, leading to

increased susceptibility to abnormal pairing and cardiovascular disease.
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Introduction

Research has highlighted a significant link between chromosome organization and
aging. ™ As endothelial cells (ECs) age, they exhibit decreased proliferative capacity, leading to
senescence, impaired wound healing, and vascular repair.>'° Aging ECs may experience
chromosomal abnormalities and mitotic dysfunction, resulting in errors during cell division and
contributing to aneuploidy.2""® They are also more likely to enter a state of senescence,
characterized by growth arrest and altered function, often triggered by oxidative stress and DNA
damage.>"®'"18 Changes in expression of cell cycle regulators increase the likelihood of mitotic
errors and further decline overall mitotic activity.'®? This decline in mitotic function and
increased senescence contribute to cardiovascular dysfunction, a hallmark of aging,>®2" making
the reduction in mitotic activity in aging ECs a critical factor in cardiovascular aging.

Aged ECs exhibit various chromosome abnormalities that can lead to cellular
dysfunction and age-related diseases.?*?* These cells often show an abnormal number of
chromosomes, disrupting normal functions and increasing cardiovascular disease risk.?>?22 For
example, human aortic ECs derived from older patients show an increase in frequency
aneuploidy (tetrasomy) in comparison to ECs derived from younger patients (18 months to 30
years old).'® Structural abnormalities, such as deletions, duplications, inversions, and
translocations, can result in gene misregulation.?*2°

Changes in chromatin structure further alter gene expression and increase susceptibility
to DNA damage, with aging associated with higher levels of damage due to oxidative
stress.??63! Notably, the spatial arrangement of chromosomes within the cell may become
disorganized in aged ECs, which can impact gene expression and overall cellular function.
However, the specific changes in chromosome arrangement and non-random patterning in aged
ECs remain unclear. These abnormalities reflect the genomic instability characteristic of aging,

significantly affecting EC health and function.
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Chromosomal organization is important for cell function, particularly during mitosis when
a cell divides to produce two identical daughter cells and maintain the correct chromosome
number across cell divisions.*'=* Non-random chromosome organization may play a role in
maintaining genomic stability. Research from our lab has shown that homologous chromosomes
in neonatal human umbilical vein endothelial cells (HUVECS) are arranged on opposite sides of
the centrosome axis during metaphase/early anaphase, resulting in a haploid set on either
side.®%" This haploid set organization, or antipairing, pattern may minimize homologous

chromosome pairing, indicating its importance in early development.

However, it is still unclear whether this antipairing pattern persists into adulthood. The
loss of antipairing may increase the chances of homologous chromosome pairing, leading to
mitotic recombination and potential genomic instability. This loss has been correlated to renal
cancer and altered gene expression.*®*° This finding suggests that abnormal somatic pairing
and the loss of antipairing could be related to various human pathologies.***4° Despite this,
there has been no thorough investigation into homologous chromosome organization in aged
ECs, and a comprehensive analysis of this organization during mitosis is still lacking.

In this study, we employed 3D imaging to examine the organization of homologous
chromosomes in adult human aortic endothelial cells (HAECs) sourced from individuals, both
female and male, aged from 21 years to 68 years, and cultured at low passage numbers. Using
immunofluorescence and DNA fluorescence in situ hybridization (ImmunoFISH) and
high-resolution confocal microscopy, we analyzed the positions of homologous chromosomes in
HAECs to determine whether the spatial segregation of homologous chromosomes, or
antipairing, persists in adult aortic endothelial cells. Our findings reveal that mitotic antipairing is
lost in adult aortic ECs. Small chromosomes 13, 15, 17, 19, 21, 22, and Y lose their spatial
segregation in HAECs, while fewer HAECs showed loss of segregation for the larger

chromosomes 1, 4, and X. This suggests a gradual decline in the fidelity of spatial segregation
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of homologous and sex chromosomes. Both small and large chromosomes exhibit a higher
frequency of abnormal homologous pairing in adult HAECs compared to neonatal HUVECs,
with smaller chromosomes, including the acrocentric ones, showing a greater frequency of
abnormal pairing than larger chromosomes in adult HAECs. There are at least two potential
causes for this higher pairing frequency and the loss of antiparing: one would be an
age-dependent change, and the other would be an aorta-specific mechanism to enhance the
loss of antipairing. Overall, our data indicate that the mechanisms governing chromosome

antipairing organization declines, or loses fidelity, in aged aortic ECs.

Materials and Methods

Cell culture

Primary human umbilical vein endothelial cells (HUVECs, ATCC: Cat. No. PSC-100-013,
Lot # 70032758 and 81006213) were cultured as previously described.**3” Human aortic
endothelial cells (HAECs), (Lonza: Cat. No. CC-2535, Lot #: 0000430739, 22TL13791,
0000351486, 0000337673, 21TL0O76036, 22TL073027) were derived from individual human
donors (21 year old male, 36 year old female, 50 year old male, two 50 year old females, and 68
year old male) and were fixed at low passage (<7). MCDB-131 (Cat No. 10372-019), 1%
Glutamax (Cat No. 35050-061), 1% Pen-strep (Cat No. 15140-122), and 2% Large vessel
endothelial supplement (Cat No. A14608-01) were used for cell growth. Cells were grown on a
10 cm dish until reaching a confluency of 70-80% and then transferred onto a 15 cm plate
containing 2 well, 8 mm well diameter PTFE glass slides (Electron Microscopy Sciences, Cat.

No. 63416-08), which were flamed/UV sterilized.

Immunofluorescence and Chromosome painting
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HUVECs and HAECs were grown on PTFE glass slides to 80-90% confluence. The slides were
fixed with 4% paraformaldehyde. After, the slides were stored in 70% ethanol for at least 24
hours.
Immunofluorescence

Slides were washed three times in 4°C 1x Phosphate Buffered Saline (PBS) on ice
before undergoing heat-induced antigen retrieval for 10 minutes in a sodium citrate buffer
solution (10 mM sodium citrate, 0.05% Tween-20, pH 6.0) in a steamer. Slides were then
washed in a permeabilization buffer (0.25% Triton X-100 in 1x PBS) for 10 minutes followed by
three 1x PBS washes at room temperature (RT). A blocking buffer (10% goat serum, 0.1%
Tween-20 in 1x PBS) was then applied for 30 minutes at RT. Slides were incubated with a
primary antibody to y-tubulin [1:1000, abcam: Rabbit Anti-y-tubulin antibody (ab11317)] diluted
in 10% goat serum in 1x PBS with 0.1% Tween-20. Parafilm was used to cover slides. Slides
were then incubated at 4°C in a humidified chamber overnight. The following day, the slides
were washed three times with 1x PBS. Incubation of a secondary antibody [1:500, abcam: Goat
Anti-Rabbit IgG H&L (Alexa Fluor® 647) (ab150079)] (in 1% BSA in 1x PBS with 0.1%
Tween-20) was applied to slides, covered in Parafilm, and incubated in the dark for 1 hour at RT.
Slides were then washed twice with 1x PBS, and processed with DNA counterstain DAPI
(Invitrogen: D1306) for immunofluorescence. The slides were washed twice in 1x PBS. After,
Antifade (Invitrogen: Cat. No. P36930) was applied with a 24X60 mm coverslip (Corning: Cat.
No. 2980-246, #1.5) and sealed with nail polish. The slides were stored at 4°C until using the

confocal microscope.

Immunofluorescence and Chromosome painting

If continuing on for chromosome painting, before processing with the DNA counterstain
steps listed above, the slides were incubated with an EGS crosslinker solution (25% DMSO,

0.375% Tween-20, 25mM EGS (Thermo Scientific: Cat. No. 21565) in 1x PBS) for 10 minutes in
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the dark at RT. Slides were washed twice with 1x PBS. Whole Chromosome Paints for
chromosomes 1, 4, 13, 15, 17, 19, 21, 22, XX, and Y in Aqua, Texas red, or FITC (Applied
Spectral Imaging) were used to visualize individual chromosomes in metaphase cells. The
probes were preheated on an 80°C heat block for 10 minutes. Then, the probes were incubated
at 37°C for 1 hour. The slides were washed with a buffer containing saline-sodium citrate (2x
SSC) (Cat. No. 15557-044). After, the slides were submerged in 0.1 N HCI for 5 minutes at RT.
Then, the slides were washed with 1x PBS, three times for 5 minutes, followed by a series of
chilled ethanol washes on ice. The slides were placed in a denaturation solution (20X SSC,
formamide, deionized water) for 7 minutes at 80°C followed by a second series of cold ethanol
washes on ice. The slides were incubated with probes on a slide warmer. An 8 mm (World
Precision Instruments: Cat. No. 052041) and 12 mm coverslip (Electron Microscopy Sciences:
Cat. No. 72290-04) were stacked in subsequent order on the wells, and sealed with rubber
cement. The slides were incubated in a moisturizing container containing formamide and
deionized water, overnight at 37°C. The following day, the slides were washed in a
post-hybridization buffer (1% Tween-20, 10% 20x SSC in deionized water) at 42°C for 10
minutes, three times. Slides were then incubated with a DNA counterstain (DAPI, Hoechst,
SYTOX, or TO-PRO-3, Invitrogen: Cat. No. D1306, H1399, S11380, T3605). The slides were
washed twice in 1x PBS. After, Antifade was applied with a 12 mm coverslip and sealed with

nail polish. The slides were stored at 4°C until using the confocal microscope.

Confocal microscopy

Fixed cells were imaged using a laser scanning confocal microscope (Leica: TCS SPE,
DM2500) using a 63x/1.3NA oil immersion objective with a digital zoom of 1.5x to visualize
individual cells. The z-stacks were acquired sequentially in a four-channel mode; z-stacks were
captured using a frame size of 1,024x1,024 pixels and processed with Leica Application Suite X

software (Version: 3.5.2.18963).
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3D reconstruction and overlay, distance and angular orientation measurements of homologous

chromosomes

Confocal optical sections were reconstructed in a 3D software, Imaris (Bitplane: 9.8.2).
Three-dimensional overlay generation of homologous chromosomes in multiple fixed
metaphase HUVECs and HAECs was performed as previously described (Hua and Mikawa
2018). Calculations and plot generation for 2D positional analysis, as well as 3D distance and
angular measurements between homologous chromosomes in fixed HUVECs and HAECs, were
performed as previously described.* Multiple pairs of homologous chromosomes were
visualized by creating the cellular axis that was previously defined by Hua and Mikawa.*® The x,
y, and z axes were set an origin of 0,0,0 to define each nuclear hemisphere across the x-axis
(centrosome axis), and to analyze how each pair of homologous chromosomes spatially position
themselves in relation to the centrosome axis. The center of mass of the centrosomes by
y-tubulin immunofluorescence staining defined the x-axis and was used for alignment of
metaphase cells. The position of each homolog was analyzed. The position of each pair of
homologous chromosomes was normalized in every mitotic cell with regards to the DNA

counterstain similar to Hua and Mikawa.%¢

Statistical analysis

We tested for nonrandom distributions of autosomes and sex chromosomes across the
two nuclear hemispheres using a binomial distribution test.*! Pairing was defined as occurring in
cells where homologs had a distance and angular orientation difference of 0. Contingency table
analysis or logistic regression was used to assess the effect of explanatory factors on the
probability of pairing. Statistical analysis was completed using the statistical analysis software,

JMP Pro 17 (SAS Institute, Raleigh, NC)).
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Data Visualization

All figures were generated using Adobe Photoshop (Version 26.3.0). Bar graphs
depicting pairing frequencies of chromosomes between HUVECs and HAECs were generated

with Graphpad Prism 10 (Version 10.3.1 (464)).

Rotational video of both single whole chromosome painting and 3D overlays for
HUVECs and HAECs were generated using the video editing software, Adobe Premiere Pro
(Version 25.0.0, Build 61). To show side-by-side comparison of chromosome positioning of both
HUVECs and HAECs, each cell was repositioned and resized using the position tool for both X
and Y, and the scale function within the properties tab. The text was implemented in the video
using the type tool within the tools tab and the corresponding text colors were changed within
the properties tab. Video was exported and used the preset: Match Source - Adaptive High

Bitrate, Format of H.264 and recorded at 24 fps.

Results
Spatial segregation is maintained for small chromosomes 17 and 19 in neonatal human
umbilical vein endothelial cells (HUVECs) at metaphase

Previously, it was found that a pair of homologous chromosomes reside on opposite
sides of the centrosome, or nuclear division axis, in human neonatal cells at metaphase/early
anaphase.* This one homolog on either side of the centrosome axis, or antipairing organization,
was conserved for all chromosomes in the human karyotype of HUVECSs at early anaphase.*® To
confirm that antipairing is present at metaphase, individual chromosomes were visualized in
HUVECSs (Fig. 1 A). A coordinate axis with a chromosome paint approach was performed as
previously described,* in addition to ImmunoFISH to simultaneously visualize the centrosome
axis (Supplemental Fig. 2 A-A”). HUVECs are polarized cells with an apical and basal domain,

which aided in establishment of an axial coordinate system.42


https://doi.org/10.1101/2025.03.15.643486
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.03.15.643486; this version posted March 17, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

The nuclear hemispheres were previously defined by Hua and Mikawa (2018)%* as the
following: x-axis is the line that crosses the centrosomes, z-axis is the laser line, and y-axis is
perpendicular to both the x- and z-axes at metaphase/anaphase (Fig. 1 A, Supplemental Fig. 2
A-A™). To evaluate the frequency of homologous pairing, we measured the minimal distance
and angular orientation between each homologous pair as previously described® (Fig. 1 B).
Pairing is defined as having a 0 ym distance and a 0° vector angle between a pair of
homologous chromosomes (Fig. 1 B).

To determine whether the homologous chromosomes were segregated at metaphase,
we performed ImmunoFISH to combine immunolabeling using a y-tubulin antibody to visualize
the centrosomes,** DNA FISH/Whole Chromosome Paint (WCP) to visualize chromosomes, and
a DNA counterstain (Fig. 1 C, G, K, O). We then determined if a pair of homologous
chromosomes resided on the same side or opposite side of the centrosome axis (Supplemental
Fig. 2 A-A”). ImmunoFISH/WCP was carried out for pooled samples of neonatal HUVECs
(n=20 individuals, Table 1). Chromosomes 17 and 19 were selected based on differences in
length/size of base pairs.** Metaphase cells were identified based on the highly condensed
chromosomes aligned in the middle of the cell, with centrosomes positioned at the opposite
poles.*® Segregation of homologous chromosomes 17 and 19 was observed in a HUVEC at
metaphase (Fig. 1 C, G).

To determine whether segregation of homologous chromosomes 17 and 19 occurred in
multiple HUVECSs, we created a 3D overlay as previously described.*® (Supplemental Fig. 2 for
chromosome 19). The centrosome or x-axis, defined by positive y-tubulin staining, or the center
of DNA mass for each cell were used to establish an origin point (0,0,0) for alignment in the 3D
overlay analysis (Supplemental Fig. 2 A’). The position of individual chromosomes was
determined by identifying the center of mass of the chromosome paint signal (Supplemental Fig.
2 A’-A”). The 3D overlay of chromosomes 17 and 19 at metaphase demonstrated that multiple

HUVECs displayed segregation of homologous chromosomes 17 and 19 along the centrosome
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axis (Fig. 1 D, H, Supplemental Fig. 2 B). Mapping of individual positions of the homologous
chromosomes 17 and 19 in each HUVEC revealed that one homolog consistently positioned
itself on each side of the centrosome axis (Fig. 1 E, | segregation in n=12/12 cells for
chromosome 17; segregation in n=33/35 cells for chromosome 19). In no case did we see
homologous chromosomes 17 or 19 exhibit pairing at 0 um distance or 0° angular orientation
relative to its partner similar to our previous study*® (Fig. 1 F, J). This data demonstrated that
chromosomes 17 and 19 were consistently antipaired in HUVECs at metaphase. Similar to our
previous reports at anaphase, these data indicate that the homologous chromosomes 17 and 19

are organized in a non-random, antipaired configuration.®

Homologous chromosome segregation is lost in small chromosomes 17 and 19 in adult
HAECs

To investigate whether the antipairing pattern is present in adult aortic endothelial cells
(HAECs), we performed ImmunoFISH/WCP for chromosomes 17 and 19 in single donor-derived
HAECs (Table 1). Analyzing individual donor samples offer insights into whether this pattern is
lost or conserved in adult aortic endothelial cells (ECs) across the general population. If the
antipairing pattern is absent in multiple patients, it may suggest that this loss is consistent
across the adult aortic EC population. On the other hand, if the antipairing pattern is lost in
some patients but still present in others, it could indicate that the presence or absence is
specific to individual patients.

HAECs are typically sourced from individual patients. Therefore, to investigate whether
this pattern is present across multiple patients, we analyzed individual HAECs at metaphase
(Table 1, n=4 patients for chromosome 17, n=4 patients for chromosome 19). The five patients
included a 36-year-old female, two 50-year-old females, a 50-year-old male, and a 68-year-old
male (Table 1). We selected individuals from different age groups and sexes to determine if the

antipairing pattern is preserved among adult aortic ECs.
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To determine whether small chromosomes maintain the spatial segregation of homologs
in adult HAECs, we analyzed chromosomes 17 and 19 using ImmunoFISH/WCP. We found that
both chromosomes 17 and 19 lose the pattern of one homolog per nuclear hemisphere in
HAECs derived from five patients (Fig. 1 K-R n=82 cells for chromosome 17; n=38 cells for
chromosome 19, Table 1). Quantification analysis revealed average distances of 1.66 £ 1.39 ym
SD, 2.02 £ 1.79 ym SD and angular orientations of 101.0° £ 51.2° SD, 93.8° + 55.8° SD for

homologous chromosomes 17 and 19, respectively (Fig. 1 N, R).

Notably, chromosome 17 was found to be abnormally paired in 12 out of 82 cells in three
patients, the 36-year-old and 50-year-old females, and 68-year-old male (Fig. 1 N, Table 1). The
50-year-old female and 68-year-old male also displayed pairing of chromosome 19 in four out of
38 cells (Fig. 1 R). Together, these data show that small chromosomes 17 and 19 lose the
spatial segregation and exhibit an increase of 13% abnormal pairing (16 out of 120 cells) in
adult HAECs as compared to 0% of neonatal HUVECs (0 out of 47 cells) (Fig. 1 S).

However, both chromosomes 17 and 19 are small non-acrocentric chromosomes. To
further investigate whether other small chromosomes that are acrocentric also lose the spatial
segregation,*® we next mapped the position of small acrocentric chromosomes to determine if

the loss of spatial segregation is shared broadly among the human karyotype.

Homologous segregation is lost in acrocentric chromosomes 13, 15, 21, and 22 in adult
HAECs

Acrocentric chromosomes including 13, 14, 15, 21, 22, and Y, are small chromosomes
that have the centromere located near one end of the chromosome, and contain the nucleolus
organizing region.*’ To test whether small acrocentric chromosomes also lose the one homolog

pattern in adult HAECs, we selected acrocentric chromosomes 13, 15, 21, and 22 to analyze.
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Our previous study has shown that one homolog per nuclear hemisphere motif is a
conserved pattern for acrocentric chromosomes in neonatal HUVECs.*® Three-dimensional
overlays of neonatal HUVECs showed segregation of chromosomes 13, 15, 21, and 22 at
metaphase (Fig. 2 A-L, segregation in n=33/33 cells for chromosome 13; segregation in
n=33/41 for chromosome 15; segregation in n=27/32, for chromosome 21; segregation in
n=18/22 for chromosome 22; Supplemental Video 1). Pairing of homologous chromosome 21
was observed in one out of 32 cells (Fig. 2 I). These data confirm the homologous segregation
of acrocentric chromosomes 13, 15, 21, and 22 in HUVECSs with almost no pairing.

In contrast, 3D overlays of adult HAECs for chromosome 13, 15, 21, and 22
demonstrated a loss of the one homolog per nuclear hemisphere motif (Fig. 2 M-Y, n=47 cells
for chromosome 13, n=50 cells for chromosome 15, n=51 cells for chromosome 21, n=52 cells
for chromosome 22, respectively). Abnormal pairing of the acrocentric chromosomes 13, 15, 21
and 22 was observed in 4 out of 4 patients, 3 out of 3 patients, 3 out of 4 patients, and 1 out of 6
patients, respectively (Fig. 2 M-Y). Together, these data show that small acrocentric
chromosomes 13, 15, 21, and 22 lose the spatial segregation and exhibit an increase of 19.50%
of abnormal pairing (39 out of 200 cells) in adult HAECs as compared to 0.78% of neonatal
HUVECs (1 out of 128 cells) (Fig. 2 Z).

The one homolog per nuclear hemisphere motif along the centrosome axis was lost for
the acrocentric chromosomes 13, 15, 21 and 22 in six adult patients. These data show that the
small chromosomes, both non-acrocentric and acrocentric, lose the one homolog per nuclear
hemisphere motif and have an increased frequency of homologous pairing. To rule out the
possibility that a loss of antipairing and an increase in abnormal pairing events may not be
limited to small chromosomes only, we next decided to investigate positioning of large

chromosomes.
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Fewer adult HAECs show loss of segregation for the larger chromosomes 1 and 4

To test whether large chromosomes also lose the spatial segregation of homologous
chromosomes as observed in non-acrocentric and acrocentric adult HAECs, we mapped the
positions of chromosomes 1 and 4 using ImmunoFISH/WCP.

Compared to chromosomes 1 and 4 in HUVECs at metaphase, which showed consistent
segregation along the centrosome axis (Fig. 3 A-F; n=29/31 cells for chromosome 1, n=26/28
cells for chromosome 4), fewer HAECs displayed segregation for the larger chromosomes 1 and
4. However, a higher number of HAECs across multiple patients (n=6 patients for chromosome
1, n=5 patients for chromosome 4) lost segregation of the one homolog per nuclear hemisphere
motif (Fig. 3 H, K; segregation in n=48/60 cells for chromosome 1; segregation in n=35/50 cells
for chromosome 4, Table 1), suggesting a gradual decline in the fidelity of spatial segregation of
homologous chromosomes.

Notably, pairing of homologous chromosomes 1 and 4 was observed in single HAECs of
both the 21-year-old and 50-year-old males (Fig. 3 I, L). Abnormal pairing of chromosomes 1
and 4 were present for different cells. Two additional cells of the 50-year-old female also
showed chromosome 4 pairing (Fig. 3 L). In contrast, there was no abnormal pairing for
chromosomes 1 and 4 in HUVECs (Fig. 3 C, F). These data reveal that large chromosomes 1
(3.3%) and 4 (8.0%) in adult HAECs show a loss of spatial segregation, with a combined 5% of
cells (6 out of 110) displaying abnormal pairing. This contrasts with neonatal HUVECs, where no

abnormal pairing was observed (0 of 59 cells) (Fig. 3 M).

Abnormal pairing is observed less frequently in larger chromosomes as compared to
smaller chromosomes in HAECs. Chromosomes 1 and 4, which are larger, show only a minor
loss in spatial segregation (5%, 6 out of 110), while acrocentric chromosomes 13, 15, 21, and 22

exhibit a more significant loss of 17.19% (55 out of 320) in HAECs (Fig. 2 Z). These findings
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suggest small chromosomes lose their spatial segregation in HAECs, while fewer HAECs show
loss of segregation for the larger chromosomes 1 and 4. This indicates a gradual loss of fidelity

in the spatial segregation of homologous chromosomes.

Abnormal pairing was also observed in smaller chromosomes, including the acrocentric
chromosomes, 13, 15, 17, 19, 21, and 22 in 61 out of 430 cells (14.18%), indicating that the
mitotic antipairing pattern is lost in adult aortic ECs (Fig. 1 S; Fig 2 Z; Fig. 3 M). Collectively,
both large and small chromosomes have a higher frequency of abnormal pairing in adult aortic
ECs as compared to neonatal HUVECs. Next, we aimed to investigate whether the sex

chromosomes also exhibit a loss of spatial segregation in adult HAECs.

Fewer female adult HAECs exhibit loss of X chromosome spatial segregation and
abnormal pairing, while in male adult HAECs, the XY sex chromosomes lose segregation
but do not pair

To test whether the X chromosomes in females or XY chromosomes in males lose their
segregation pattern in adult HAECs, we performed ImmunoFISH/WCP (Fig. 4 G-L). HUVECs
were reported to show spatial segregation of the XX and XY sex chromosomes along the
centrosome axis in female and male neonatal HUVECs supporting that the mitotic antipairing
organization was sex-type independent.®® The X and XY chromosomes in female and male
HUVECs showed segregation (Fig. 4 A-F, segregation in n=19/19 cells for chromosome XX in
females, segregation in n=13/16 cells for XY in males, n=20 patients, Table 1) consistent with
our previous results.®® In no case did we see homologous chromosomes X or XY exhibit pairing
at 0 um distance or 0° angular orientation relative to its partner (Fig. 4 A-F).

However, fewer adult HAECs from three female patients showed a loss of X
chromosome segregation, along with an increase in abnormal pairing (Fig. 4 G-I, segregation in

n=67/86 cells, Table 1). Four cells from both the 36-year-old and the 50-year-old female patients
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showed abnormal pairing of 4.7% (n=4/86 cells). These data suggest that homologous
chromosomes X, as well as the large chromosomes 1 and 4, all exhibit a similar frequency of
5% abnormal pairing in adult HAECs.

Acrocentric chromosomes in adult HAECs are shown to be abnormally paired and lose
their segregation (Fig. 2). The Y chromosome is also an acrocentric chromosome.*® To test
whether the XY chromosomes also lose the one sex chromosome per nuclear hemisphere motif
in adult HAECs, we completed ImmunoFISH/WCP of three individual male HAECs (Fig. 4 J,
Table 1). We found that XY chromosomes lose the one sex chromosome per hemisphere motif
(Fig. 4 J-L, n=44 cells). However, pairing of XY was not observed in contrast to the abnormal
pairing observed in XX in female adult HAECs (Fig. 4 |, L). These data suggest that there may
be a greater affinity for similar sequences like the X chromosomes or homologous
chromosomes to be abnormally paired as compared to XY chromosomes. The homologous
chromosomes that lose the one homolog per hemisphere motif show a higher frequency of
pairing in HAECs. The XY have different sequence homology and showed no pairing (Fig. 4 L,
M).

Taken together, the X chromosomes show an increased frequency of abnormal pairing in
three female patients, while the XY chromosomes do not exhibit abnormal pairing, yet they lose
their segregation in three male patients. In summary, our data show that the sex chromosomes

lose the spatial segregation pattern in adult aortic ECs.

Discussion

A proposed function of the antipairing organization is to minimize abnormal homologous
pairing and recombination, and thus provide genomic stability with fidelity throughout multiple
cell cycles. It was found that neonatal HUVECSs display spatial segregation of homologous

chromosomes for the human karyotype during metaphase/early anaphase.* Here, we find that
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the spatial segregation of homologous chromosomes is lost for small chromosomes, and the XY
sex chromosomes in adult aortic ECs. While fewer HAECs showed a loss of spatial segregation
of the large chromosomes 1, 4, and X in females. Our data suggest the underlying mechanisms
of homologous segregation differentially impacts chromosomes of different sizes (Fig. 5 A, X ?
(9, n=559) = 39.2, for all chromosomes individually, X ? (2, n= 559) = 25.4, for chromosomes
based on sizing). Additionally, when comparing acrocentric chromosomes to non-acrocentric
chromosomes, we observed a higher frequency of pairing in acrocentric chromosomes (X ? (1,
n=559) = 7.54, p=0.0060).

There is a tendency for smaller chromosomes to localize along the centrosome axis or in
the interior of the metaphase plate as compared to larger chromosomes.**%? One potential
mechanism is that homologous chromosomes align to a cue along the centrosome axis. We
have recently found a pattern of low centromeric staining using both DNA and protein markers
along the centrosome axis in HUVECs that may act as a cue for chromosome alignment.*” One
possibility is the loss of the cue, a region of low centromeric components along the centrosome
axis, which may initially affect the smaller chromosomes in proximity. Therefore, a differential
loss of the spatial segregation would be observed for chromosomes of different sizes. It would
be fruitful to determine whether this low centromeric staining pattern is lost in adult aortic ECs.

It is proposed that the loss of the antipairing organization can lead to a higher chance of
pairing of somatic homologous chromosomes, and mitotic recombination, due to the close
proximity of the homologs.*® The loss of segregation leads to an increased frequency of
abnormal pairing observed for chromosomes 1, 4, 13, 15, 17, 19, 21, 22, X with the exception of
XY sex chromosomes in adult HAECs. These findings suggest that, after birth, there is an
increased susceptibility to a loss of nuclear organization, which may lead to greater genome
instability (Fig. 5 B, C). However, adult aortic ECs are less proliferative than neonatal HUVECs,

so genomic instability may have a lesser impact, as fewer cellular divisions occur.
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There have been previous studies reporting the loss of chromosomes, in particular small
chromosomes, with age or passage number in cultured ECs, and hematological
malignancies/disorders.'®**%¢ For example, in vitro populations of cultured human corneal EC is
found to have an increase in frequency of aneuploidy with both age and passage number.5%¢¢

The XY sex chromosomes lose the segregation pattern, yet they do not display
increased pairing events (Fig. 4 J-L). The XY sex chromosomes have minimal sequence
homology, except for the PAR1/2 regions, and display independent mechanisms of pairing in
specific regions of each chromosome.®” The minimal homology and independent pairing
mechanisms of XY chromosomes could contribute to their susceptibility to loss in aged cells, as
seen with an increase of whole chromosome Y loss in various tissues. 5 56 9962, 68-70

Abnormal karyotypes that are sex-specific, associates with the Y chromosome in
hematopoietic and blood cells.®® The Y chromosome exhibit distinct segregation and stability
patterns both during cellular processes in HUVECs, and in the context of aging.'® These studies
suggest chromosome characteristics may be unique to the Y chromosome. This variability in
both pairing mechanisms and chromosomal loss could provide insights into how sex
chromosomes behave differently from autosomes in both developmental and aging processes.
The possibility that the unique features of the Y chromosome—such as its limited sequence
homology and independent mechanisms of pairing—might make it more prone to alterations in
specific cellular contexts, particularly as cells age.

Due to the challenges in culturing human adult aortic ECs, we were only able to analyze
samples from six adult patients: One male each aged 21, 50, and 68, and one female aged 36,
along with two females aged 50. As a result, we cannot exclude the possibility that these
individual cases may not reflect the broader population for chromosome organization.” For
instance, the aortic ECs samples were collected from patients undergoing surgery for
hypertension, which could potentially influence endothelial cell pathogenesis and chromosome

organization. Additional data is necessary to draw more reliable conclusions.
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We observed abnormal pairing of homologous chromosomes for all six patients, rather
than only a few. This suggests the loss of antipairing is conserved in adult aortic ECs (Fig. 5 C).
Whether the loss of antipairing in adult HAECs increases with age, and is associated with sex
still remains elusive. Our study analyzed a subset of individuals across different age groups,
which limited statistical analysis of age, and age with sex determinants. Nonetheless, graphical
data suggests an age-dependent loss of spatial segregation of homologous chromosomes
throughout adulthood (Fig. 5 B). Future studies are required to determine if the antipairing
mechanism is lost in additional adult patients at various age groups. Using mouse models would
also be valuable to more accurately study the aging of aortic ECs, reducing variability across
samples, and allowing for a direct assessment of how aging affects chromosome organization.

There are at least two potential causes for the higher pairing frequency or loss of
antipairing: one could be an age-dependent change, while the other may involve an
aorta-specific mechanism that enhances the loss of antipairing. In this study, we focused on
adult aortic EC populations. It would be advantageous to analyze different primary human adult
EC lines to determine if the loss of antipairing pattern is endothelial cell-type dependent. In
addition, our study only analyzes a subpopulation of chromosomes: 1, 4, 13, 15, 17, 19, 21, 22,
XX, and XY. It would be beneficial to determine if other autosomes maintain or lose the
antipairing organization in adult aortic ECs.

Importantly, the spatial arrangement of chromosomes within the cell can become
disordered in adult aortic ECs, potentially affecting gene expression and overall cellular function.
Our findings offer a better understanding of the mitotic antipairing pattern observed in human
neonatal ECs, which may be lost with age. This loss of higher-order chromosome organization

highlights its critical role in maintaining genomic stability in human cells.
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Table

Table 1: Data Analysis of pooled HUVECs and individual HAECs patients

Human Umbilical Vein Endothelial Cells (HUVECs) [ Chr.1 | Chr.4 |JIGHGMGE Chr.15 [ Chr.17 [ Chr.19 [ Chr.21 | Chr.22 |JNGHEDGM Chr.Y
Total ?;gg:il;as?mes n=31 cells |n=28 cells | n=33 cells | n=41 cells | n=12 cells | n=35 cells | n=32 cells | n=22 cells | n=19 cells | n=16 cells
Human Aortic Endothelial Cells (HAECs) Chr1 | chr.4 |NGHEMG Chr.15 | chr.17 | Chr19 | Chr2i | chr22 |NEGHENEN Chr.Y
TOta(lﬁagZL.f:gples n=60 cells | n=50 cells | n=47 cells | n=50 cels | n=82 cells | n=38 cells | n=51 cells | =52 cells |n= 86 cells| n=43 cells
Patient#1: 21 Year Old Male n=7 cells | n=4 cells N/A N/A N/A N/A N/A n=6 cells N/A  |n=16 cells
Patient#2: 36 Year Old Female n=18 cells | n=10 cells | n=23 cells | n=25 cells | n=44 cells | n=8 cells | n=25cells| n=1cell |n=37cells| N/A
Patient#3: 50 Year Old Male n=6cells | n=1cell [n=12cells| N/A N/A n=4 cells | n=14 cells | n=8 cells N/A n=8 cells
Patient#4: 50 Year Old Female n=27 cells | =30 cells N/A n=17 cells | n=b cells N/A N/A n=21 cells | n=38 cells N/A
Patient#5: 50 Year Old Female n=2cells | n=5cells | n=4 cells N/A n=12 cells |n=18 cells [ n=3 cells [n=15cells | n=11 cells N/A
Patient #6: 68 Year Old Male n=8 cells N/A n=8 cells | n=8 cells |n=21 cells | n=8 cells | n=9 cells | n=1cell N/A  [n=19 cells

Table 1: Data of pooled HUVECs and individual HAEC patients.
Data collected of pooled HUVECs (n=20 patients) and individual HAECs (n=6 individual

patients) for chromosomes 1 (magenta), 4 (green), 13 (red), 15 (green), 17 (cyan), 19
(magenta), 21 (magenta), 22 (yellow), X (red), and Y (cyan).
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Figure 1: Homologous chromosome segregation is lost in small chromosomes 17, and 19
in adult HAECs.

(A) Schematic shows a pair of homologous chromosomes localize on opposite sides of the
nuclear hemisphere for both autosomal, and sex chromosomes in neonatal human vein
endothelial cells (HUVECs) (Hua and Mikawa 2018). (B) Pairing is defined as the distance
between two homologous chromosomes to be at 0 um and the vector angle between the two
homologous chromosomes at 0°. Different scenarios of not paired (a,b) vs paired (c) are shown.
(C) Top view of optical sections of a HUVEC at metaphase stained for chromosomes 17 (cyan),
y-tubulin (blue), and counterstained for DNA (grey). Inset: 3D reconstruction of the optical
sections. (D) A 3D overlay of chromosome 17 (cyan/grey) of multiple HUVECs at metaphase,
where the homolog closest to the x-axis is colored (cyan), while its respective partner is in grey
(n=12 cells). (E) Relative positions for each homolog of chromosome 17 (cyan/grey circles)
when mapped to an axial coordinate system. (F) The distance and angular orientation of
homologous chromosome 17 pairs with an average distance of 2.97 + 1.07 ym SD and angular
orientation of 92.5° + 49.1°. Note: Each numbered cell corresponds to the same cell number in
the relative position normalized to the DNA counterstain (E). (G-J) As in C-F, but of
chromosome 19 (n=35 cells). The distance and angular orientation of chromosome 19
homologs with an average distance of 2.90 + 1.74 ym SD and angular orientation of 114.2° +
29.7°. (K-N) As in C-F, but of adult human aortic endothelial cells (HAECs) (n=4 individual
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patients, n=82 cells) with an average distance of 1.66 + 1.39 ym SD and angular orientation of
101.0° £ 51.2°. (O-R) As in G-J, but of HAECs. The distance and angular orientation of
chromosome 19 homologs (n=4 individual patients, n=38 cells) with an average distance of 2.02
+ 1.79 ym SD and angular orientation of 93.8° + 55.8° SD. (S) Pairing frequency graph showing
the pairing of chromosomes 17 (cyan) and 19 (magenta) of HUVECs and HAECs. Scale bar: 2
pm.
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Figure 2: Homologous chromosome segregation is lost in acrocentric chromosomes 13,
15, 21, and 22 in adult HAECs.

(A) A 3D overlay of chromosomes 13 (red/grey) of multiple neonatal HUVECs at metaphase
(n=33 cells). (B) Relative positions for each homolog of chromosome 13 (red/grey circles) when
mapped to an axial coordinate system. (C) The distance and angular orientation of homologous
chromosome 13 pairs with an average distance of 3.18 + 1.27 ym SD and angular orientation of
111.2° £ 31.5° SD. Note: Each cell is numbered as in Fig. 1. (D-F) As in (A-C) but of
homologous chromosome 15 (green/grey) (n=41 cells). The distance and angular orientation of
chromosome 15 homologs with an average distance of 1.88 + 1.71 ym SD and angular
orientation of 101.9° £ 42.2° SD. (G-l) As in (A-C) but of chromosome 21 homologs
(magenta/grey) (n=32 cells). The distance and angular orientation of chromosome 21 homologs
with an average distance of 2.21 + 1.58 ym SD and angular orientation of 87.7° + 36.6°SD.
(J-L) As in (A-C) but of chromosome 22 homologs (yellow/grey) (n=22 cells). The distance and
angular orientation of chromosome 22 homologs with an average distance of 1.49 + 1.08 um SD
and angular orientation of 83.4° + 43.2°. (M-O) As in (A-C), but of adult HAECs (n=4 individual
patients, n=47 cells) with an average distance of 2.05 £ 1.66 um SD and angular orientation of
87.1° £ 58.2°SD. (P-R) As in (D-F), but of adult HAECs (n=3 individual patients, n=50 cells). The
distance and angular orientation of chromosome 15 homologs with an average distance of 1.67
1 1.85 um SD and angular orientation of 73.5° + 53.7° SD. (S-U) As in (G-I), but of adult HAECs
(n=4 individual patients, n=51 cells) with an average distance of 1.81 + 1.34 ym SD and angular
orientation of 102.9° £ 45.0°. (V-Y) As in (J-L), but of adult HAECs (n=6 individual patients, n=52
cells). The distance and angular orientation of homologues of chromosome 22 with an average
distance of 1.42 £ 1.26 ym SD and angular orientation of 81.2° + 52.6°. (Z) Pairing frequency
graph showing the pairing of chromosomes 13 (red), 15 (green), 21 (magenta), 22 (yellow) of
HUVECs and HAECs. Scale bar: 2 ym.
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Figure 3: Fewer adult HAECs show loss of segregation for the larger chromosomes 1 and
4,

(A) A 3D overlay of chromosome 1 (magenta/grey) of multiple neonatal HUVECs at metaphase
(n=31 cells). (B) Relative positions for each homolog of chromosome 1 (magenta/grey circles)
when mapped to an axial coordinate system. (C) The distance and angular orientation for the
chromosome 1 homologs with an average distance of 3.25 + 1.45 ym SD and angular
orientation of 100.6° £ 35.9°. Note: Each cell is numbered as in Fig. 1. (D-F) As in A-C, but of
chromosome 4. Chromosome 4 homologs have an average distance of 3.66 + 1.48 ym SD and
angular orientation of 109.4° + 30.4° (n=28 cells). (G-l) As in A-C, but of adult HAECs. The
distance and angular orientation chromosome 1 homologs (n=6 individual patients, n=60 cells)
with an average distance of 3.25 + 1.44 ym SD and angular orientation of 100.6° + 35.9°. (J-L)
As in D-F, but of adult HAECs (n=5 individual patients, n=50 cells). The distance and angular
orientation chromosome 4 homologs with an average distance of 3.39 £ 2.34 ym SD and
angular orientation of 112.9° + 44.7°. (M) Pairing frequency graph of chromosome 1 (magenta)
and chromosome 4 (green) for both HUVECs and HAECs. Scale bar: 2 um.
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Figure 4: Fewer female adult HAECs exhibit loss of XX chromosome spatial segregation
and abnormal pairing, while in male adult HAECs, the XY sex chromosomes lose
segregation but do not pair.

(A) A 3D overlay of chromosome XX (red/grey) of multiple neonatal HUVECs at metaphase
(n=19 cells). (B) Relative positions for each homolog of chromosome X (red/grey circles) when
mapped to an axial coordinate system. (C) The distance and angular orientation of chromosome
X homologs with an average distance of 3.78 + 1.08 um SD and angular orientation of 105.6° +
31.2°. Note: Each cell is numbered, as in Fig. 1. (D-F) As in A-C, but of XY (red/cyan) sex
chromosomes (n=16 cells) with an average distance of 2.42 £ 1.06 ym SD and angular
orientation of 105.7° £ 30.6°. (G-I) Same as A-C, but of female-derived HAECs (n=3 individual
patients, n=86 cells). The distance and angular orientation of chromosome X homologs with an
average distance of 3.38 £ 2.72 um SD and angular orientation of 116.9° £ 42.0°. (J-L) As in
D-F, but of multiple male-derived HAECs (n=3 male patients, n=44 cells) with an average
distance of 2.04 + 1.44 ym SD and angular orientation of 108.9° + 37.5°. (K) Pairing frequency
graph of chromosome XX (red) and chromosome XY (cyan) of HUVECs and HAECs. Scale bar:
2 Jm.
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Figure 5: Pairing frequency analysis shows smaller chromosomes have an increase in
abnormal pairing as compared to larger chromosomes in adult HAECs, with a trend of
increased susceptibility of pairing throughout age.

(A) Chart representing pairing frequencies of HUVECs and HAECs across chromosomes 1
(magenta), 4 (green), 13 (red), 15 (green), 17 (cyan), 19 (magenta), 21 (magenta), (yellow), XX
(red), and XY (blue). (B) Chart of pairing frequency of chromosomes across different age
groups. (C) Table of pairing frequency percentage and sample sizes of analyzed cells across
different age groups.
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Supplemental figure 1: Characterizing the centrosome axis and center of chromosomal
mass in HUVECs and HAECs.

(A) A metaphase HUVEC stained for y-tubulin antibody (blue), and DNA (DAPI, grey). Yellow
dot represents the center of mass of the DAPI stained chromosomal mass. Boxed region shows
the x-, or centrosome axis. (A’) Zoom in view of the boxed region in (A). Boundary zone (red
line) is determined by measuring the distance between the chromosomal center of mass (yellow
dot) and the centrosome axis (white dotted line). The distance between the centrosome axis
(line connecting the centrosomes) and the chromosomal center of mass on average is = 0.5 pm.
Thus, a 1 um width bounding box region of DAPI staining overlapping the chromosomal center
of mass was determined as the “boundary zone” as previously described (Cai et al. 2025). (B,
B’) Same as (A, A)), but of HAECs. The average distance between the centrosome axis and the
chromosomal center of mass is + 0.45 ym. Therefore the boundary region is 0.90 ym for
HAECs. Note: For chromosome painting analysis, if the center of mass of an individual homolog
was * 0.5 yum for HUVECs and % 0.45 for HAECs from the chromosomal center of mass along
the x-axis, these cells were not used in our analysis as they were uninterpretable. For instance,
out of 66 total cells, 6 cells exhibited homologous chromosome 1 in this boundary region,
rendering the data uninterpretable (n=6/66 cells for chromosome 1). Scale bar: 2 pm.

Supplemental figure 2: Generation of a 3D overlay and analysis.

(A) Top view of the confocal staining at 63x magnification of HUVECs at interphase and
metaphase stains for DNA (grey), y-tubulin (blue), and chromosome 19 (magenta). Boxed
region shows a mitotic cell. (A’) As in (A), but a zoom in of the boxed region in (A) showing
segregation of homologous chromosome 19. Center of the chromosomal mass (yellow dot) and
centrosomes (blue dot) are aligned along the centrosome axis. Center of mass for each
chromosome 19 is also shown (magenta dot). (A”) A 3D reconstruction of optical confocal
sections in (A). (A’”) To differentiate between each homologous chromosome, the one homolog
that is closest to the x-, or centrosome, axis is designated in color (magenta), while its
respective homolog is in grey. (B) Generation of a 3D overlay to determine if each pair of
homologous chromosomes are spatially segregated from one another. Individual mitotic cells
overlaid using the centrosome axis as previously described (Hua and Mikawa 2018). For each
metaphase cell, we determined if they were spatially segregated by using the centrosome axis.
If the homologous chromosomes are located on opposite sides, it indicates spatial segregation
of the homologs. In contrast, if both homologous chromosomes are positioned on the same side
along the centrosome axis, it signifies a loss of segregation. Scale bars: 10, 2 ym.

Supplemental Video 1: Homologous segregation is lost in acrocentric chromosome 13 in
adult HAECs as compared to neonatal HUVECs.

Video of Whole Chromosome Painting of chromosome 13 and 3D overlays for HUVECs (top
panels), and HAECs (bottom panels) rotating 360° counter-clockwise along the y-axis staining
for chromosome 13 (red), and DNA (SYTOX, grey) for whole chromosome painting, and
chromosome 13 surfaces (red/grey) for overlays. Scale bar: 3 ym.
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