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Abstract: Primary human umbilical vein endothelial cells (HUVECs) are consistently the most re-
liable in vitro model system for studying the inner lining of blood and lymphatic vessels or the
endothelium. Primary human cells originate from freshly isolated tissues without genetic manip-
ulation and generally show a modal number of 46 chromosomes with no structural alterations, at
least during early passages. We investigated the cytogenetic integrity of HUVECs with conventional
(G-banding) and molecular cytogenetic methods (spectral karyotyping (SKY) and fluorescence in
situ hybridization (FISH)). Our G-band data shows two X-chromosomes, confirming these HUVECs
originate from a female donor. Notably, some cells consistently exhibit an unfamiliar banding pattern
on one X chromosome toward the distal end of the long arm (Xq). Our FISH analysis confirms
that approximately 50% of these HUVECs have a deletion of the Xq terminal region. SKY analysis
indicates that the deleted region is apparently not integrated into any other chromosome. Finally, we
demonstrated the presence of a similar Xq deletion in the daughter cell line, EA.hy926, which was
generated by fusing HUVECs with A549 (a thioguanine-resistant clone of adenocarcinomic human
alveolar basal epithelial cells). These findings will advance comprehension of HUVECs biology and
will augment future endothelial studies.

Keywords: chromosomal aberrations; spectral karyotyping; fluorescence in situ hybridization;
G-banding; endothelial cells

1. Introduction

The tightly packed monolayer of endothelial cells, which form the inner cellular lining
of the blood and lymphatic vessels, is known as endothelium. Not only does it serve
as a physical barrier between blood and the surrounding tissues [1], the endothelium
also regulates blood fluidity, vascular tone, inflammation, coagulation, and immunity [2,3].
Damage to the endothelium contributes to cardiovascular disease, pulmonary hypertension,
pathological angiogenesis, thrombotic thrombocytopenic purpura, hepatic veno-occlusive
disease, and severe sepsis [4–6]. Recent studies on Coronavirus disease 2019 (COVID-
19) demonstrate that damage to endothelium as a result of viral infection contributes to
vascular inflammation, coagulopathy, and mortality [7,8]. Considering the significance for
regulating normal physiological functions as well as a variety of pathological conditions, it
is crucial to advance our knowledge on endothelial cell biology. In this regard, utilization of
an ex vivo primary cell culture system is highly beneficial to better understand endothelial
biology. Moreover, ex vivo systems facilitate controlled manipulation of cells throughout
experimentation and could prove to be a noteworthy alternative to in vivo studies.

Since their isolation in the early 1970s, human umbilical vein endothelial cells (HU-
VECs) have been extensively used to understand vascular endothelial function and dis-
ease [9]. HUVECs are derived from veins exclusive to the umbilical cord. This unique
biological infrastructure connects a fetus to the mother’s blood supply via the placenta,
suggesting HUVECs represent endothelial cells during embryonic stage. Importantly,
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HUVECs share multiple attributes such as: tube formation ability, angiogenesis, wound
healing, similar molecular markers, and exhibit the same modal number of chromosomes
observed in post-embryonic endothelial cells. As HUVEC cells are utilized for a myriad of
research applications, comprehensive cytogenetic characterization of HUVEC provides a
pivotal element for appropriate utilization of these cells for research.

Conventional cytogenetic characterization has shown HUVECs to have a modal num-
ber of 46 when chromosomes are harvested during early culture passages [10]. Previous
studies with conventional cytogenetic techniques reveal that long-term culture of HUVECs
results in spontaneous loss of chromosome 13 or partial gain of chromosome 11, suggesting
that extended culture of HUVECs is prone to induce chromosomal aberrations [10]. How-
ever, characterization of HUVECs utilizing molecular cytogenetic methods during early
culture passages has not been examined. In order to potentially identify cryptic chromoso-
mal aberrations in HUVECs during earlier passages, we used conventional G-banding in
conjunction with spectral karyotyping (SKY) and fluorescence in situ hybridization (FISH),
as each technique, when used alone, poses limitations.

G-banding allows visualization of recognizable bands with alternating light (GC rich) ver-
sus dark (AT rich) staining intensities (individual bands are approximately ~5–10 × 106 base
pairs of DNA), which are unique to each chromosome. G-banding serves the primary func-
tion of identifying aneuploidy and chromosomal rearrangements. While quite useful, this
technique is limited by chromosome length and resolution of banding pattern. A low band
level of resolution precludes the detection of rearrangements for some preparations, while
allowing other types of aberrations to be more recognizable (pericentromeric inversions).

SKY can provide vital information to augment conventional G-band analysis. This
molecular technique allows hybridization with various combinations of five fluorochromes,
resulting in simultaneous identification of all chromosomes. Advanced analysis assigns
pseudo colors to each chromosome based on the unique spectral emission of fluorochromes.
Because SKY detects changes in a chromosome-specific manner, it facilitates identification of
inter-chromosomal rearrangements, but does not reveal intrachromosomal rearrangements,
such as interstitial deletions, duplications, or inversions.

FISH allows a more fine-tuned analysis by identifying locus- and/or region-specific
structural chromosomal aberrations, including the sub-telomeric regions. The Vysis
ToTelVysion probes specifically hybridize the p and q sub-telomeres of chromosomes
1 to 12 and 16 to 20; the q sub-telomeres of the acrocentric chromosomes (13, 14, 15, 21,
and 22); and the Xp/Yp and Xq/Yq pseudo-autosomal region sub-telomeres (Table 1). In
addition, several of the ToTelVysion probes contain unique sequence locus-specific iden-
tifier probes or α satellite centromere enumeration probes (CEP) for identifying specific
chromosomes within the mixtures (Table 1). However, ToTelVysion probes allow analysis
of only 64 specific target areas in the entire genome.

In the current study, we used G-banding, SKY, and the Vysis ToTelVysion FISH probe
kit. Our studies reveal a novel cytogenetic alteration in primary HUVECs. In addition,
this novel aberration is present in an immortal endothelial cell line derived by combining
HUVECs with human adenocarcinoma cell line, suggesting this previously unidentified
aberration is perhaps a characteristic feature of HUVECs. This novel discovery has potential
to have formidable or tremendous impact for endothelial biology research.
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Table 1. A summary of probe loci and their respective fluorochrome colors for each of the 15 mixtures
included in the ToTelVysion kit. CEP, centromere; p, short arm; and q, long arm.

ToTelVysion Probes

Probes Green Orange Yellow Aqua

Mix 1 1p 1q Xp X CEP

Mix 2 2p 2q Xq X CEP

Mix 3 3p 3q 22q 22q11

Mix 4 4p 4q 21q 21q22

Mix 5 5p 5q n/a n/a

Mix 6 6p 6q 13q 13q14

Mix 7 7p 7q 14q 14q11.2

Mix 8 8p 8q 17p 17 CEP

Mix 9 9p 9q 17q 17 CEP

Mix 10 10p 10q 15q 15q22

Mix 11 11p 11q 18p 18 CEP

Mix 12 12p 12q 18q 18 CEP

Mix 13 16p 16q n/a n/a

Mix 14 19p 19q n/a 19p13

Mix 15 20p 20q n/a n/a

2. Materials and Methods
2.1. Cell Culture

HUVEC cells (batch #0000560571) were purchased from Lonza (Walkersville, MD,
USA) and cultured in 50/50 vascular cell basal medium (Cat # PCS-100-030, ATCC, Man-
assas, VA, USA) supplemented with endothelial cell growth kit-BBE (Cat # PCS-100-040,
ATCC) and CHANG Medium D (Cat # 99404; FujiFilm Irvine Scientific, Santa Ana, CA,
USA). EA.hy926 cells (ATCC) were cultured in Dulbecco’s Modified Eagle’s Medium
(ATCC) supplemented with 10% Fetal Bovine Serum (ATCC) and 1% antibiotics. Cells were
grown in a humidified incubator with 5% CO2 at 37 ◦C. Cells were subcultured every 2 to
3 d after detachment with a brief 0.25% trypsin-EDTA (Gibco, MA, USA) treatment. All
cytogenetic experiments with HUVECs were performed by passage number 5.

2.2. Metaphase Chromosome Preparation

Metaphase chromosomes were prepared as previously described [11,12]. Semi-confluent
cells were treated with KaryoMAX colcemid (Gibco, Waltham, MA, USA) at a final concen-
tration of 75 ng/mL for 20 min to inhibit spindle fiber formation, thus arresting the cells in
metaphase. The mitogen-containing media was removed, the cells were thoroughly rinsed
with pre-warmed PBS with no Ca++ and Mg++ (Gibco) and treated with trypsin for detach-
ment. All contents of the flask were collected into a 15 mL centrifuge tube and then centrifuged
at 1000 rpm at room temperature for 5 min. The supernatant was carefully removed, the cell
pellet was gently resuspended with a transfer pipet, 2 mL of prewarmed hypotonic solution
(75 mM KCl; Gibco) was added in a dropwise manner. The final volume was brought to 6 mL
and the tube was incubated in a water bath at 37 ◦C for 15 min. Cells were then fixed with
room temperature fixative (3 to 1 volume of methanol and glacial acetic acid). Cells were
washed an additional two times by repeating aspiration, fresh fixative resuspension, and
centrifugation. Finally, metaphase spreads were prepared by dropwise application of cell
suspension to clean slides at room temperature.
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2.3. G-Banding

G-banded chromosomes were prepared as described elsewhere [11,12]. Slides were
dried overnight at 66 ◦C and incubated with 0.025% trypsin for 1 min, gently rinsed
with Tyrode’s buffer (Sigma, St. Louis, MO, USA), and stained with Giemsa solution
(Sigma) for 5 min. Karyotype integrity and band resolution of metaphase chromosomes was
determined according to the International System for Human Cytogenetic Nomenclature.
Images were captured with Zeiss Imazer.Z2 microscope equipped with GenASIs Case
Data Manager system, version 7.2.2.40970 (ASI, Carlsbad, CA, USA) for the analysis of
karyotypes. At least 30 G-banded metaphase spreads were photographed and analyzed for
each cell type.

2.4. FISH Hybridization

The ToTelVysion kit (Vysis Inc./Abbott Molecular Laboratories, Abbott Park, IL,
USA) consists of 15-probe cocktails, to demark the sub-telomere regions of all human
chromosomes. Table 1 describes the probe cocktails. Briefly, before FISH hybridization,
slides were dipped in 2× SSC (Sigma) at room temperature for 5 min, then dehydrated
in 70%, 80%, and 100% ethanol, respectively, for 2 min each. Slides were then air dried,
placed in pre-warmed denature solution (70% formamide (Millipore, Temecula, CA, USA)
in 2× SSC) at 71 ◦C for 1 min, then immediately dehydrated in a cold ethanol series (70%,
85%, 100%) for 2 min each. The appropriate measurement for each probe mixture was
individually transferred to clean microcentrifuge tubes. All probes were prewarmed to
37 ◦C for 5 min, then placed in a water bath preheated to 75–77 ◦C for 5 min for denaturation.
Each denatured probe mixture was applied to respective target area of cells, protected with
a coverslip and sealed with rubber cement. Slides were protected from light in a humidified
chamber and allowed to hybridize overnight at 37 ◦C. The following day, hybridized
slides were subject to the following wash series pre-warmed to 45 ◦C: Formamide wash
(50% formamide in 2× SSC) series of three—10 min each, followed by a series of two Coplin
jars containing 2× SSC—5 min each. Slides were dipped in distilled water, immediately
air dried, counterstained with DAPI, and protected with a coverslip. At least 4 cells from
each hybridization area were photographed and analyzed for a total of 60 cells (GenASIs
software, ASI, Carlsbad, CA, USA).

2.5. Spectral Karyotyping

The SKY kit from Applied Spectral Imaging (ASI) was used for this study. Slides
were pre-soaked in 2× SSC solution and dehydrated in 70%, 85%, and 100% ethanol for
10 min each. Following air dry the slides were placed in pre-warmed denature solution
(70% formamide (Millipore, Temecula, CA, USA) in 2× SSC) at 71 ◦C for 1 min, and
then instantly dehydrated in a cold ethanol series (70%, 85%, and 100%) for 2 min each.
Meanwhile, SKY probe was pre-warmed to 37 ◦C for 5 min and then denatured in a
water bath at 80–81 ◦C for 7 min. Then, 10 µL of denatured SKY probe was added to
the target area of the slide, covered with a 22 × 22-mm coverslip, and carefully sealed
with rubber cement. Slides were incubated in a humidified chamber for 48 h at 37 ◦C for
probe hybridization. Hybridized slides were washed with a series pre-warmed to 45 ◦C:
Formamide wash (50% formamide in 2× SSC) series of three—5 min each, followed by
a series of two Coplin jars containing 1× SSC—5 min each. Once removed from the 1×
SSC solution, the slide was allowed to drain and 100 µL of blocking reagent was applied to
the target area and protected with a plastic coverslip. Meanwhile, Cy5 antibody solution
(ASI) was reconstituted with filtered 4× SSC. Following a 30 min incubation at 37 ◦C, the
coverslip was carefully removed, Cy5 antibody solution was applied to the target area,
protected with a fresh plastic coverslip, and returned to 37 ◦C incubator. Following 1 h
of hybridization, the slide was subject to wash a series (prewarmed at 45 ◦C) consisting
of 3 jars containing 4× SSC with 0.1% Tween-20, 5 min each. Meanwhile, Cy5.5 antibody
solution (ASI) was reconstituted with filtered 4× SSC. Upon completion of the wash series,
the slide was briefly dipped into distilled water to remove detergent residue, and Cy5.5
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antibody solution was applied to the target area and protected with a fresh plastic coverslip.
The incubation and 4× SSC with 0.1% Tween-20 wash steps were repeated, as was the brief
dip in distilled water. Slides were counterstained with DAPI and covered with a clean
glass coverslip. SKY images were captured using an SD200 Spectracube (ASI) mounted
on a Zeiss Imager.Z2 microscope. DAPI images were captured and then inverted and
enhanced with SKY View software (ASI) to produce G-band–like patterns on the axis of
each chromosome. At least 30 SKY images were captured under 63× magnification for
spectral analysis. Spectral imaging combines fluorescence microscopy, CCD-imaging and
Fourier spectroscopy to enable simultaneous visualization for the entire spectrum at all
image points, thereby assigning a unique color to each chromosome.

2.6. Successive Rehybridization of Slides

To prepare the slide for repeat hybridization, it was soaked in 4× SSC with 1% tween
solution for 10 min, briefly rinsed in distilled water and placed into a clean Coplin jar of
freshly prepared 4× SSC with 1% tween solution for an additional 10 min. The slide was
gently and thoroughly rinsed in distilled water to remove any traces of detergent. It was
then dehydrated in 70%, 85%, and 100% ethanol for 10 min each.

3. Results
3.1. G-Band Study Indicates Two Independent HUVEC Clones

We carefully studied the HUVEC cell line using conventional G-band staining. A total
of 30 metaphase cells at approximately 400–450 band level of resolution were photographed
and analyzed for any consistent change in modal number and any stable rearrangements
or translocations (Supplemental Figure S1). Each cell showed a 46, XX karyotype. However,
the distal region of one chromosome Xq in some cells revealed an ambiguous banding
pattern, thus indicating the possibility of 2 independent clones in the primary HUVEC cell
line based solely on the status of chromosome Xq (Figure 1).
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Figure 1. Composite karyogram of HUVEC cells at the 425-band level of resolution. Chromosomes
1–22 showed no consistent variation of banding pattern, while several cells displayed abnormal mor-
phology in the terminal region of the long arm of chromosome X (Xq Ab as indicated by arrow) and
the rest of the cells exhibit normal Xq region (Xq N). Images were captured under 100× magnification.
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3.2. Telomere Analysis Identifies a Terminal Deletion in One Homologue of Chromosome X

Telomere FISH was performed with the ToTelVysion kit in order to elucidate a potential
deletion at the distal end of chromosome Xq as observed in our G-band data and also to
screen for any additional cryptic translocations or deletions involving telomere regions. This
kit allows detection of aberrations involving specific target areas which are beyond the scope
of resolution for conventional G-band and SKY analysis. A total of 4 cells from each of the
15 ToTelVysion cocktails were photographed (60 cells total). Chromosomes 1–22 revealed
normal hybridization to each of the respective telomeres and centromere regions, indicating
that each chromosome was intact with no cryptic translocations involving the telomeric region.
Mix 2 showed all cells with normal hybridization to both centromeres of chromosome X,
however, some of the cells displayed a normal hybridization pattern for the terminal region
of the long arm of X chromosome (Xq ter), while others displayed a lack of signal on Xq ter,
suggesting deletion of Xq ter. These data provide evidence of 2 clones of HUVECs based
solely on the status of Xq terminal region (Figure 2, Supplemental Figure S2).
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Figure 2. Composite karyogram from 15 metaphase spreads hybridized with the ToTelVysion (TV)
subtelomeric probe set. Each chromosome pair is labeled with its respective TV probe mix (see
Table 1). Red and green boxes show consecutive hybridizations for deletion of chromosome Xq
terminal and normal Xq terminal regions, respectively. White arrow indicates deletion of Xq terminal
region (see supplemental Figure S2 for metaphase images).

3.3. SKY Analysis Reveals No Change in Spectral Emission

In the next step, the slide which was initially hybridized with mix 1 was subject to a
second hybridization with SKY in order to validate probe localization for chromosome X,
and to screen for a potential translocation/insertion of X chromatin undetected by both G-
banding and FISH. A total of 30 cells (Supplemental Figures S3 and S4) were photographed
and carefully analyzed. While inverse DAPI banding also alluded to a subtle aberration at
the distal region of chromosome Xq in some cells, SKY analysis revealed apparently normal
spectral emission for all chromosomes, demonstrating that the deleted Xq ter is neither
translocated to any other chromosome nor is it the receptor of any other chromatin. Figure 3
shows a representative classified karyogram of a HUVEC cell following SKY analysis.
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interchromosomal translocation.

3.4. Repeat Hybridization Confirms Half of the Cells Carry a Deletion of Xq Terminal Region

In order to determine the percentage of each clone, the same cells were subject to
a third and final hybridization using ToTelVysion Mix 2. This strategy allows the same
30 cells photographed and analyzed for SKY to be divided into clones based on the hy-
bridization pattern of Xq terminal region. Interestingly, this hybridization revealed a 50%
split for normal Xq terminal and deleted Xq terminal regions (Figure 4, Supplemental
Figures S3 and S4).

3.5. Similar Xq Deletion Is Present in Immortal Human Endothelial Cell Line

As HUVEC is one of the parent cell lines, we hypothesize that a similar aberration
might be present in EA.hy926. Metaphase chromosomes were prepared as described above,
cells were hybridized with ToTelVysion mixes 1 and 2 to identify Xp and Xq, respectively.
Multiple metaphase spreads were photographed and analyzed. Each of the cells revealed a
normal signal pattern for Xp and centromere signals, while a deletion of Xq ter was evident
in all cells (Figure 5). This data suggests that the HUVEC clone carrying Xq terminal
deletion was involved in generation of EA.hy926 cell line.
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Figure 4. Photomicrographs showing normal Xq and abnormal Xq following 3 consecutive hybridiza-
tions of metaphase spreads. Each frame contains an insert representing the magnified image with
representative ideogram of chromosome X for 3 respective hybridizations. (A1) First hybridization
with TV mix 1 reveals a normal signal pattern for chromosomes 1 (yellow boxes) and Xp (green boxes).
(A2) Classified image as a result of second hybridization with SKY, validates FISH hybridizations for
chromosomes X (green boxes), 1 (yellow boxes), and 2 (red boxes), while illustrating no change in
spectral emission for Xq ter. (A3) Third hybridization with TV mix 2 reveals a normal signal pattern
for chromosomes 2 (red boxes) and Xq (green boxes). (B1) First hybridization with TV mix 1 reveals
a normal signal pattern for chromosomes 1 (yellow boxes) and Xp (green boxes). (B2) Classified
image as a result of second hybridization with SKY, validates FISH hybridizations for chromosomes
X (green boxes), 1 (yellow boxes), and 2 (red boxes), while illustrating no change in spectral emission
for Xq ter. (B3) Third hybridization with TV mix 2 reveals a normal signal pattern for chromosomes 2
(red boxes), one chromosome X with a normal signal pattern for Xq (green box) and one chromosome
X with a deletion of Xq ter (green circle). White arrows indicate deletion of Xq terminal region.
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Figure 5. Representative photomicrographs showing a deletion of Xq terminal region in EA.hy926
cells. (A) ToTelvysion mix 1 shows a normal signal pattern for X CEP and Xp telomeres and
(B) ToTelVysion mix 2 reveals a normal signal pattern for X CEP in both chromosomes and a deletion
of one homologue of chromosome Xq telomere. Idiograms of chromosome X showing Xp (A) and Xq
(B) terminal regions (highlighted).

4. Discussion

Freshly isolated primary endothelial cells from a healthy individual exhibit a normal
chromosome pattern during early passages as detected by conventional cytogenetic tech-
niques. However, endothelial cells have a tendency to accrue numerical and/or structural
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cytogenetic abnormalities following long-term ex vivo culture [13]. Moreover, cytoge-
netic alterations are common in aged individuals in comparison to their younger coun-
terparts [14]. An earlier longitudinal study of human age-related chromosomal analysis
showed that in vitro aging of adult endothelial cells results in a gain of chromosome 11
(trisomy 11), and that incidence of trisomy 11 proportionately increases over the time [13].
Similarly, a study by Zhang demonstrated that long-term culture of HUVECs results in
a loss of chromosome 13 and 16, and a partial gain of chromosome 11 [10]. These stud-
ies clearly suggest that aging is a major predisposition factor for increased frequency of
chromosomal aberrations; however, the nature of chromosomal aberrations is dependent
upon the origin of endothelial cells. However, these studies exclusively used the conven-
tional G-banding method, which typically yields 350–550 bands per haploid set with each
band representing ~5–10 × 106 base pairs of DNA. Identification of aberrations below this
resolution is a major limitation of conventional cytogenetic techniques. Further, system-
atic analysis with relative high-resolution cytogenetic techniques have not been used in
identifying chromosomal aberrations in HUVECs during early passages.

Molecular cytogenetic techniques allow identification of chromosomal aberrations at
the level of 100 to 400 kilobase pairs. We used conventional and molecular cytogenetic
techniques (SKY and FISH) to identify chromosomal aberrations in HUVECs during as
early as passage five. We, for the first time, confirmed an Xq terminal deletion in half
of the HUVECs. Terminal ends of each chromosome are protected by telomeres, which
are comprised of repetitive DNA sequences. Telomeres play a crucial role in maintaining
chromosomal integrity. Damage to the telomere or reduction of telomere length occurs
gradually as dividing cells lose some part of the telomere with each replicative cycle. Telom-
ere shortening/loss is a major contributing factor for numerical chromosomal aberrations in
various cell types, including endothelial cells [14]. Although we identified the Xq terminal
deletion, we did not observe any numerical aberrations in HUVECs, nor did we observe
integration of this deleted Xq region into any other chromosome (i.e., translocation). We
have not investigated the functional implications of the Xq deleted clone in endothelial cells.
Notably, a deletion of Xq in peripheral blood lymphocytes contributes to abnormalities of
menstruation and infertility in females [15]. Others have demonstrated that Xq deletion
is associated with ovarian dysfunction [16,17]. Thus, our findings have a strong clinical
relevance.

As primary cells, HUVECs have a finite lifespan and limited expansion capacity.
Moreover, HUVECs, like all other primary cells, require special nutrients for their optimum
growth and expansion, which are absent in most markedly available basal media. Various
labs have used different growth media for HUVEC culture [9,18–21]. We found mixing
of endothelial growth and Chang medium D in equal volume provides optimum culture
condition for HUVECs. Considering the limitations of primary endothelial cell culture, an
immortal endothelial cell line, called EA.hy926, was generated by fusing HUVECs with
A549 lung cancer cells [22]. Because we observed a terminal deletion of Xq in half of the
HUVECs, and considering that HUVECs are one of the parental cell types of EA.hy926, we
hypothesized whether EA.hy926 cells could possibly carry the same Xq terminal deletion.
Surprisingly, we observed all EA.hy926 cells show a terminal deletion of Xq, suggesting
that the HUVEC clone carrying the Xq terminal deletion was involved in generation of
EA.hy926.

5. Conclusions

In conclusion, to the best of our knowledge we identified a novel mosaic Xq terminal
deletion in HUVECs and confirmed this newly identified aberration is also present in
an immortal endothelial cell line generated from HUVECs. These findings will augment
our knowledge of the HUVEC karyotype, improve our ability to design mechanistic
studies or biomedical and pharmaceutical research with HUVEC cells, and provide critical
information to apply to future endothelial biology studies. In the future, we plan to identify
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the cytogenetic signatures of oncogenic transformation in HUVECs following long-term
culture.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/genes13061012/s1, Figure S1: Comparison of 30 karyograms of HUVECs
analyzed by G-banding; Figure S2: Signal patterns for ToTelVysion mixes 3-15 (See Table 1 for the details);
Figure S3: Comparison of 15 classified SKY cells with subsequent hybridization using ToTelVysion
mix 2 showing a normal Xq ter; Figure S4: Comparison of 15 classified SKY cells with subsequent
hybridization with ToTelVysion mix 2 showing a deletion of one Xq homologue in each cell.

Author Contributions: Conceptualization, R.L.B. and R.P.; methodology, R.L.B.; validation, R.L.B.
and R.P.; formal analysis, R.L.B.; investigation, R.L.B.; resources, R.P.; data curation, R.L.B.; writing—
original draft preparation, R.P.; writing—review and editing, R.L.B.; supervision, R.P.; project ad-
ministration, R.P.; and funding acquisition, R.P. All authors have read and agreed to the published
version of the manuscript.

Funding: This study was supported by a Collaborative Research Grant from the National Institute of
General Medical Sciences (NIGMS), under grant number P20 GM109005 (RP).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We would like to thank the PI of P20 GM109005 grant Marjan Boerma at Uni-
versity of Arkansas for Medical Sciences for securing the funding. We would also like to thank the
Experimental Cytogenetic Core at the University of Arkansas for Medical Sciences for supporting
this work.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Rodrigues, S.F.; Granger, D.N. Blood cells and endothelial barrier function. Tissue Barriers 2015, 3, e978720. [CrossRef] [PubMed]
2. Krüger-Genge, A.; Blocki, A.; Franke, R.-P.; Jung, F. Vascular Endothelial Cell Biology: An Update. Int. J. Mol. Sci. 2019, 20, 4411.

[CrossRef] [PubMed]
3. Godo, S.; Shimokawa, H. Endothelial Functions. Arterioscler. Thromb. Vasc. Biol. 2017, 37, e108–e114. [CrossRef] [PubMed]
4. Rajendran, P.; Rengarajan, T.; Thangavel, J.; Nishigaki, Y.; Sakthisekaran, D.; Sethi, G.; Nishigaki, I. The vascular endothelium and

human diseases. Int. J. Biol. Sci. 2013, 9, 1057–1069. [CrossRef] [PubMed]
5. Higashi, Y.; Kihara, Y.; Noma, K. Endothelial dysfunction and hypertension in aging. Hypertens. Res. 2012, 35, 1039–1047.

[CrossRef]
6. Endemann, D.H.; Schiffrin, E.L. Endothelial dysfunction. J. Am. Soc. Nephrol. 2004, 15, 1983–1992. [CrossRef] [PubMed]
7. Zhang, J.; Tecson, K.M.; McCullough, P.A. Endothelial dysfunction contributes to COVID-19-associated vascular inflammation

and coagulopathy. Rev. Cardiovasc. Med. 2020, 21, 315–319. [CrossRef]
8. Vieceli Dalla Sega, F.; Fortini, F.; Spadaro, S.; Ronzoni, L.; Zucchetti, O.; Manfrini, M.; Mikus, E.; Fogagnolo, A.; Torsani, F.;

Pavasini, R.; et al. Time course of endothelial dysfunction markers and mortality in COVID-19 patients: A pilot study. Clin. Transl.
Med. 2021, 11, e283. [CrossRef]

9. Jaffe, E.A.; Nachman, R.L.; Becker, C.G.; Minick, C.R. Culture of human endothelial cells derived from umbilical veins. Identifica-
tion by morphologic and immunologic criteria. J. Clin. Investig. 1973, 52, 2745–2756. [CrossRef]

10. Zhang, L.; Aviv, H.; Gardner, J.P.; Okuda, K.; Patel, S.; Kimura, M.; Bardeguez, A.; Aviv, A. Loss of chromosome 13 in cultured
human vascular endothelial cells. Exp. Cell Res. 2000, 260, 357–364. [CrossRef]

11. Binz, R.L.; Tian, E.; Sadhukhan, R.; Zhou, D.; Hauer-Jensen, M.; Pathak, R. Identification of novel breakpoints for locus- and
region-specific translocations in 293 cells by molecular cytogenetics before and after irradiation. Sci. Rep. 2019, 9, 10554. [CrossRef]
[PubMed]

12. Binz, R.L.; Sadhukhan, R.; Miousse, I.R.; Garg, S.; Koturbash, I.; Zhou, D.; Hauer-Jensen, M.; Pathak, R. Dietary Methionine
Deficiency Enhances Genetic Instability in Murine Immune Cells. Int. J. Mol. Sci. 2021, 22, 2378. [CrossRef] [PubMed]

13. Johnson, T.E.; Umbenhauer, D.R.; Hill, R.; Bradt, C.; Mueller, S.N.; Levine, E.M.; Nichols, W.W. Karyotypic and phenotypic
changes during in vitro aging of human endothelial cells. J. Cell. Physiol. 1992, 150, 17–27. [CrossRef] [PubMed]

14. Aviv, H.; Khan, M.Y.; Skurnick, J.; Okuda, K.; Kimura, M.; Gardner, J.; Priolo, L.; Aviv, A. Age dependent aneuploidy and telomere
length of the human vascular endothelium. Atherosclerosis 2001, 159, 281–287. [CrossRef]

15. Mercer, C.L.; Lachlan, K.; Karcanias, A.; Affara, N.; Huang, S.; Jacobs, P.A.; Thomas, N.S. Detailed clinical and molecular study of
20 females with Xq deletions with special reference to menstruation and fertility. Eur. J. Med. Genet. 2013, 56, 1–6. [CrossRef]

https://www.mdpi.com/article/10.3390/genes13061012/s1
https://www.mdpi.com/article/10.3390/genes13061012/s1
http://doi.org/10.4161/21688370.2014.978720
http://www.ncbi.nlm.nih.gov/pubmed/25838983
http://doi.org/10.3390/ijms20184411
http://www.ncbi.nlm.nih.gov/pubmed/31500313
http://doi.org/10.1161/ATVBAHA.117.309813
http://www.ncbi.nlm.nih.gov/pubmed/28835487
http://doi.org/10.7150/ijbs.7502
http://www.ncbi.nlm.nih.gov/pubmed/24250251
http://doi.org/10.1038/hr.2012.138
http://doi.org/10.1097/01.ASN.0000132474.50966.DA
http://www.ncbi.nlm.nih.gov/pubmed/15284284
http://doi.org/10.31083/j.rcm.2020.03.126
http://doi.org/10.1002/ctm2.283
http://doi.org/10.1172/JCI107470
http://doi.org/10.1006/excr.2000.4997
http://doi.org/10.1038/s41598-019-47002-0
http://www.ncbi.nlm.nih.gov/pubmed/31332273
http://doi.org/10.3390/ijms22052378
http://www.ncbi.nlm.nih.gov/pubmed/33673497
http://doi.org/10.1002/jcp.1041500104
http://www.ncbi.nlm.nih.gov/pubmed/1309825
http://doi.org/10.1016/S0021-9150(01)00506-8
http://doi.org/10.1016/j.ejmg.2012.08.012


Genes 2022, 13, 1012 11 of 11

16. Marozzi, A.; Manfredini, E.; Tibiletti, M.G.; Furlan, D.; Villa, N.; Vegetti, W.; Crosignani, P.G.; Ginelli, E.; Meneveri, R.; Dalprà,
L. Molecular definition of Xq common-deleted region in patients affected by premature ovarian failure. Hum. Genet. 2000, 107,
304–311. [CrossRef]

17. Fimiani, G.; Laperuta, C.; Falco, G.; Ventruto, V.; D’Urso, M.; Ursini, M.V.; Miano, M.G. Heterozygosity mapping by quantitative
fluorescent PCR reveals an interstitial deletion in Xq26.2-q28 associated with ovarian dysfunction. Hum. Reprod. 2006, 21, 529–535.
[CrossRef]

18. Marin, V.; Kaplanski, G.; Grès, S.; Farnarier, C.; Bongrand, P. Endothelial cell culture: Protocol to obtain and cultivate human
umbilical endothelial cells. J. Immunol. Methods 2001, 254, 183–190. [CrossRef]

19. Larrivée, B.; Karsan, A. Isolation and culture of primary endothelial cells. Methods Mol. Biol. 2005, 290, 315–329. [CrossRef]
20. Henriksen, T.; Evensen, S.A.; Elgjo, R.F.; Vefling, A. Human fetal endothelial cells in cluture. Scand. J. Haematol. 1975, 14, 233–241.

[CrossRef]
21. Gimbrone, M.A.; Cotran, R.S.; Folkman, J. Human vascular endothelial cells in culture. Growth and DNA synthesis. J. Cell Biol.

1974, 60, 673–684. [CrossRef] [PubMed]
22. Edgell, C.J.; McDonald, C.C.; Graham, J.B. Permanent cell line expressing human factor VIII-related antigen established by

hybridization. Proc. Natl. Acad. Sci. USA 1983, 80, 3734–3737. [CrossRef] [PubMed]

http://doi.org/10.1007/s004390000364
http://doi.org/10.1093/humrep/dei356
http://doi.org/10.1016/S0022-1759(01)00408-2
http://doi.org/10.1385/1-59259-838-2:315
http://doi.org/10.1111/j.1600-0609.1975.tb02422.x
http://doi.org/10.1083/jcb.60.3.673
http://www.ncbi.nlm.nih.gov/pubmed/4363161
http://doi.org/10.1073/pnas.80.12.3734
http://www.ncbi.nlm.nih.gov/pubmed/6407019

	Introduction 
	Materials and Methods 
	Cell Culture 
	Metaphase Chromosome Preparation 
	G-Banding 
	FISH Hybridization 
	Spectral Karyotyping 
	Successive Rehybridization of Slides 

	Results 
	G-Band Study Indicates Two Independent HUVEC Clones 
	Telomere Analysis Identifies a Terminal Deletion in One Homologue of Chromosome X 
	SKY Analysis Reveals No Change in Spectral Emission 
	Repeat Hybridization Confirms Half of the Cells Carry a Deletion of Xq Terminal Region 
	Similar Xq Deletion Is Present in Immortal Human Endothelial Cell Line 

	Discussion 
	Conclusions 
	References

