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A novel ITGB8 transcript variant sustains
ovarian cancer cell survival through genomic
instability and altered ploidy on a mutant p53
background
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Abstract

Background Transcript variants and protein isoforms are central to unique tissue functions and maintenance of
homeostasis, in addition to being associated with aberrant states such as cancer, where their crosstalk with the
mutated tumor suppressor p53 may contribute to genomic instability and chromosomal rearrangements. We
previously identified several novel splice variants in ovarian cancer RNA-sequencing datasets; herein, we aimed to
elucidate the biological effects of the Integrin Subunit Beta 8 variant (termed pITGB8-205).

Methods Resolution of the full-length sequence of pITGB8-205 through rapid amplification of cONA ends (RACE-
PCR). Cell cycle analysis and karyotype studies were performed to further explore genomic instability. RNA-seq and
proteomics analyses were used to identify the differential expression of the genes.

Results This full-length study revealed a unique 5'sequence in pITGB8-205 that differed from the reported ITGB8-205
sequence, suggesting differential regulation of this novel transcript. Under a p53 mutant background, overexpression
of pITGB8-205 triggered genetic instability reminiscent of oncogene-induced replicative stress with extensive
abnormal mitoses and chromosomal and nuclear aberrations indicative of chromosomal instability, leading to near
whole-genome duplication that imposes energy stress on cellular resources. Micronuclei and aneuploidy are striking
features of pITGB8-205-overexpressing p53-mutant cells but are not enhanced in p53 wild-type (WT) cells. RNA-seq
and proteomics analyses further suggested that p53 inactivation in ovarian cancer provides a permissive intracellular
molecular niche for pITGB8-205 to mediate its effects on genomic instability. This observation is pivotal considering
that most high-grade serous ovarian carcinoma (HGSC) tumors express mutant p53. The resulting aneuploid clones
with enhanced self-renewal and survival capabilities disrupt clonal dominance under stress yet maintain a balance
between replicative stress and prosurvival advantages.
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Conclusion plTGB8-205-overexpressing clones sustain ovarian tumor cell survival, achieve homeostasis and are

formidable opponents of therapy.

Keywords [TGB8, p53, Aneuploidy, Genomic instability, Prosurvival mechanisms
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Alternative splicing events in cancer often involve
unappreciated cooperation, such as the use of alterna-
tive exons, exonization of introns, evasion of nonsense-
mediated decay, etc [1-3]. Mutations in spliceosome
components in tumors also generate novel variants and
isoforms [4—6], which can be pro- or antiapoptotic and
often correlate with tumor progression, metastasis, and
therapeutic outcomes. These isoforms may serve as diag-
nostic or prognostic indicators [7, 8]. Moreover, alterna-
tive splicing variants of oncogenes and tumor suppressor
genes contribute to genomic instability, a hallmark of
cancer, providing survival advantages to tumor cells.
Some genomic instabilities contribute to tetraploidiza-
tion, whole-genome duplications and chromothripsis
[9-11]. Studying splice variants associated with genomic
instability offers a different perspective on gene regula-
tion in normal cellular homeostasis and disorders such as
cancer.

scripts in ovarian cancer RNA-seq data, including novel
splice variants of ITGB8, PRKAR1b, and ZFYVE28 ([12],
Supplementary Fig. 1). The ITGBS8 variant is particularly
intriguing, as it is involved in neurovascular develop-
ment, embryo implantation, cell-cell contact, and com-
munication within complex multicellular structures [13,
14]. Elevated expression of the canonical ITGB8 protein
is associated with various cancers, including lung, breast,
prostate, and squamous carcinoma. Its effects stem from
its role in promoting PI3K-Akt signaling and integrin sur-
face protein interactions and altering the actin cytoskele-
ton to modulate tumor growth, metastasis, angiogenesis/
vasculogenesis, and the regulation of tumor-associated
regulatory T (Treg) cells. Its inhibition is reported to sen-
sitize tumor cells to radiotherapy and gefitinib [15-21].
Mutated p53 underlies the etiology of several cancers.
The advantages in terms of cellular growth, mesothelial
cell adhesion and metastasis acquired by p53-mutant
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OVCARS3 cells are attributed to integrin beta-4 signal-
ing. Mutations in EGFR and TP53 in lung cancer patients
lead to poor prognosis [22—-24].

The present study annotated the novel ITGB8 vari-
ant pITGB8-205 and aimed to understand its biological
effects. These findings suggest that pITGB8-205 drives
chromosomal instability (CIN), aneuploidy, and meta-
bolic perturbations and has tumor-promoting functional-
ity, but its reversal to tumor-suppressive functionality in
the presence of active p53 reveals its pleiotropic behavior
and ability to act as a “double-edged sword” depending
on the p53 background of cell transformation.

Materials and methods

Cell culture, PCR, full-length (FL) amplification through
rapid amplification of cDNA ends (RACE), transfections and
splice graph generation

HGSC cell lines [(A2, A4EP, A4LP and GIM2 (RRID:
CVCL_FG73)] from patient ascites, 10 human lympho-
blastoid (LBL) cell lines from peripheral blood and human
primary skin fibroblast cultures (SFs) were previously
developed in the laboratory [25, 26]; OVCAR3 (RRID:
CVCL_0465), OVCAR4 (RRID: CVCL_1627), A2780
(RRID: CVCL_0134)), MDCK (RRID: CVCL_0422) and
CV1 (RRID: CVCL_0229) cells were sourced from the
NCCS cell repository; IOSE364 from Dr. Ray (ACTREC,
Mumbai); HEK293T (RRID: CVCL_0063) from Dr. Shi-
ras, NCCS; OV90 (RRID: CVCL_3768), OVMZ6 (RRID:
CVCL_4005), OVCA420 (RRID: CVCL_3935), PEO14
(RRID: CVCL_2687), OVCA432 (RRID: CVCL_3769),
and CAOV3 (RRID: CVCL_0201) [27] The cell lines
were authenticated via GeneMapper™ ID-X Software v1.5
and harvested at 80% confluency. RNA extraction was
performed via TRIzolTM reagent, followed by ¢cDNA
synthesis and quantification. RT-PCR and qPCR were
performed via gene-specific primers, and semiquantita-
tive expression analysis was performed via densitom-
etry. qPCR was performed via SYBR Green PCR Master
Mix, and HPRT1 expression and the nontemplate reac-
tion mixture were used as controls. The data were pro-
cessed to determine cycle threshold values and isoform
fractions.

AA CT (Exon2 — Exon3)
AACT Exon 7

New I'T'G BS Isoform fraction =

AA CT (Exonl)

Canonical /TG B8 Isoform fraction = ————————
anonica soform fraction AACT Fxon 7

Full-length amplification through rapid amplification of
C-DNA ends (RACE) and lentivirus generation

The PrimeScriptTM 1st strand cDNA Synthesis Kit
(TaKaRa) was used for RACE cDNA synthesis from
PEO14 cells. The sequence was digested via the
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restriction enzymes EcoRI-HF and BamHI-HF and trans-
formed into DH5-alpha competent cells. Lentiviruses
were generated in HEK293T cells, and the harvested
virus was concentrated as described previously [28]. The
lentiviruses were transfected into OVCAR3, A4, and
PEO14 cells for overexpression and knockdown studies.
Puromycin selection was used for further selection, and
Sanger sequencing was used for sequence validation.

Cell cycle analysis, label-chase, cell doubling, colony
formation, gamma-irradiation, glucose consumption,
lactate production, ROS, and apoptosis assays

Cell cycle analysis was conducted via propidium iodide
and RNase A treatment. The cell suspension was washed
with PBS, fixed with 70% ethanol, and subjected to FACS
acquisition. Data analysis was performed via BD FACS
Diva software 6.0. PKH26GL was used for label-chase
[29]. The cells were seeded in 12-well plates for cell dou-
bling and colony formation assays and were counted
manually. Postirradiation survival was determined. Glu-
cose consumption and lactate production assays were
performed via the GLUCOSE-LQ and LACTATE Kkits,
respectively. An Annexin V-FITC apoptosis assay was
performed by suspending 10° cells in binding buffer, and
data were acquired via the FITC and PE channels. Cel-
lular reactive oxygen species (ROS) levels were examined
by incubating 0.5x10° cells with 5 uM 2-7-dichlorodihy-
drofluorescein dye at 37 °C in the dark for 30 min.

Estimation of nuclear abnormalities and karyotype studies
The cells were fixed with 2% PFA at 4 °C for 10 min, per-
meabilized with Triton X-100, washed 3 times with 1X
PBS, blocked with 10% goat serum, and incubated with
primary antibodies for 1-1.5 h at room temperature.
Coverslips were washed 3 times with 1x PBS three times
and then incubated with secondary antibodies. Nuclei
and micronuclei positive for y-H2AX were examined and
scored via Image] software [30]. The nuclear area was
calculated as a function of the mean correlated total cell
fluorescence (CTCF).

CTCF = Integrateddensity —

(areaof selected cell x mean background fluorescence)

Nuclei and micronuclei positive for y-H2AX were exam-
ined and scored via Image] software. Nuclear anoma-
lies such as lagging chromosomes were examined in
OVCAR3, OVCAR3-OE A4, and A4-OE cells. CBMC
assays were performed with unirradiated and g-irradiated
cells treated with 0.2 uM/ML cytochalasin D for 40 h. A
total of 10,000 harvested cells were deposited on poly-
L-lysine-coated slides, fixed and stained with Hoechst.
Nuclei and micronuclei were captured at 40X and
60X, and their areas were quantified via QuPath 0.4.0.
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(See figure on previous page.)

Fig. 1 (a) ITGBS splice graph positioning known variants and novel reads (denoted as dashed lines above and below exons, respectively); (b) Box and
whisker plot representing isoform fractions of the alternative continuum of exons in the new variants; (c) pie chart showing the distribution of the number
of dead and living patients expressing pITGB8-205; (d) Sanger sequencing-based validation of 133 bp /TGBS (Exons 2, 4); (e) Novel 5'plTGB8-205 sequenc-
es; (f) Predicted major U2-mediated spliceosome sites in pITGB8-205; (g.i) Overexpression of pITGB8-205 affects cell growth, cycling and metabolism. (a)
Profiling of pITGB8-205 full length (2.4 kb) in 10 HGSC cell lines (X-axis indicates the HGSC cell lines, Y-Axis indicates the relative pITGB8-205 FL expression
compared with the endogenous control; (g.ii) Screening of pITGB8-205 overexpressing (OVCAR3-OE, A4-OF) and knockdown (PEOQ14-KD) clones; (h) Bar
graph representation of glucose consumption and lactate production (mg/dL; normalized with cell number) of OVCAR3-OE and control cells at 24,48, 72,
96 and 120 h in culture; (i) Bar graph representing the cell cycle phases in OVCAR3-OE, A4-OE and PEO14-KD vs. control cells; (j) Histogram representing
differential label quenching (cell cycling) dynamics of i-OVCAR3-OE, ii-A4-OE and iii-PEO14-KD vs. control cells (Solid lines- OVCAR3-OE/A4-OE/PEO14-KD,

Dotted lines - respective controls at 0 (Green) and 96 h (black); (k) Representative doubling times of OVCAR3-OE, A4-OE and PEO14

Metaphase spreads and G-bandings were examined for
marker chromosomes via Ikaros software.

RNA sequencing, proteomics, and xenograft generation
RNA sequencing, proteomics, differential expression,
and pathway analysis were conducted on the cell pellets.
The cells were subjected to lysis and centrifuged, and the
protein precipitates were redissolved in dissolution buf-
fer [31]. The protein concentration was estimated via a
2D quant kit, and the proteins were reduced with DTT,
alkylated with IAA, and digested with trypsin. Proteins
and transcripts were subjected to REACTOME and gene
set enrichment analysis (GSEA) for pathway analysis.
Protein interaction networks were generated via STRING
online network analysis. Xenograft generation involved
injecting 2x10° A4-OE or A4 cells into subcutaneous
NOD/SCID female mice. The tumor volume was mea-
sured each week after the 15th day of tumor injection,
and the tumors were harvested, weighed, and captured
after the 36th day. All animal experiments were carried
out at the NCCS animal experiment facility and approved
by the institutional animal ethics committee.

Graphical representations and statistics

The study used data from Ensembl for the ITGBS,
PRKARI1B, and ZFYVE28 genomes and splice vari-
ants. Splice graphs and dual Y bar plots were generated
via Adobe Illustrator CS5.1, SigmaPlot 10.0, SRplot, and
Prism 8.4.2. Statistical significance was determined via
SigmaStat 3.5. The samples’ statistical significance is as
follows. p<0.001=***, p<0.01=**, p<0.05=".

Results

A new transcript variant of ITGB8 (pITGB8-205) closely
resembling an uncharacterized variant was discovered,
with observed clinical implications

A unique characteristic of the overlapping chimeric reads
of ITGBS, PRKARIB and ZFYVE28 identified in our
previous study was the inclusion of hitherto unreported
sequences of exons in the continuum (Fig. 1a; Supple-
mentary Fig. la-i, a-ii, a-iii, 1b). We consolidated reads
of each of these across all tumors to identify extended
reads and mapped them to the specific exons in their
genomic sequences. The extended ITGB8 sequence is

localized to exons 2 and 4 (47 bp and 86 bp, respectively).
Exon 2 is present in the noncoding variants ITGB8-205:
ENST00000537992 and ITGB8-202: ENST00000477859,
whereas Exon 4 is included in two protein coding vari-
ants (canonical ITGB8-201: ENST00000222573 and
ITGB8-205: ENST00000537992) and a noncoding vari-
ant, ITGB8-204: ENST00000478974. Owing to these fea-
tures and the reported association of ITGB8 with cancer,
we focused on the elucidation of this novel variant, which
we termed pITGB8-205. Splice site analyses predicted
a consensus sequence (CAG/GT) at the donor sites of
all three novel sequences that affirmed alternative exon
usage [Spliceator [32]; Supplementary Fig. 1c]; further
mapping of their isoform fractions revealed enrichment
of the rare exon at the 5" location of ITGBS (Fig. 1b; Sup-
plementary Fig. 1d). The expression of pITGB8-205 was
validated in five HGSC cell lines through PCR followed
by Sanger sequencing (Fig. 1d; Supplementary Fig. le).
Alternative splicing PCR revealed the coexpression of
canonical and pITGB8-205 transcripts across various cell
types. A lower isoform fraction of the new variant was
observed in human cells (lymphoblastoid, HGSC, and
primary fibroblasts) but was comparable in other spe-
cies, including NMDE, MDCK, and mouse ovary cells.
(Supplementary Fig. 1f). Such differential expression
suggests subtle yet distinct cellular functions. As a first
step, we derived its full-length sequence (FL_pITGB8-
205, 2316 bp) through rapid amplification of the 5" and
3’ cDNA ends (RACE; Supplementary Data 1; Methods).
This revealed a unique 88 bp 5 UTR sequence (local-
izing within Exon 1 in the Ensembl Genome Browser),
which is not expressed in other ITGB8 variants), while
its 3 UTR was conserved with the canonical sequence
(Fig. 1e; Supplementary Fig. 2a). We also predicted four
high-confidence Pol-II transcription start sites in the
5.597 kb upstream sequence (Promoter 2.0; [33]; Supple-
mentary Fig. 2b-i, 2b-ii), in addition to major U2-medi-
ated spliceosome binding sites at the 5 and 3’ borders
of Exon 1/Intron 1 and Intron 1/Exon 2 with high like-
lihoods and scores [ESEfinder 3.0, ([34, 35]; Fig. 1f)]. In
an earlier study to predict the translation potential of chi-
meric transcripts, we did not identify any peptides asso-
ciated with pITGB8-205 at a significantly high frequency
or coverage (Dixit and Bapat, manuscript under review;
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Fig. 2 pITGB8-205 overexpression in OVACR3-OE cells triggers genomic and chromosomal instability, altered ploidy, extensive DNA damage, aneu-
ploidy and near-whole-genome duplication. A FACS dot plot comparing cell size and granularity in OVCAR3-OE (right) with control (left) cells; (b) Bar
graph comparing the cell area (mm?) of OVCAR3-OE with the respective control cells; (c) Representative FACS histogram comparing the DNA content
of OVCAR3-OE with control cells (upper and lower panels, respectively); (d) Bar graph representation of quantified nuclear and chromosomal anomalies
(1-lagging chromosomes, 2-anaphase bridges, 3-multinucleated cells, 4-micronuclei); (e) Bar graph representation of increased micronuclei (1), mono-
nucleated (2), binucleate (3), trinucleate (4), and tetranucleated (5) cells in OVACR3-OE over control cells; (f-i) Graphical representation of the percentage
of y-H2AX-positive nuclei and micronuclei in OVCAR3-OE and control cell nuclei, (f-ii) Representative immunofluorescence images of phosphorylated
H2AX expression in OVCAR3-OE and control cell nuclei, y-H2AX (cyan) and nuclei (DAPI); (g-i) Graph indicating the number of y-H2AX foci per nucleus in
OVCAR3-OE vs. control cells, (g-ii) Representative immunofluorescence images of phosphorylated H2AX foci in PEO14-KD vs. control; (h) Comparison of
the range of chromosome numbers in OVCAR3-OE and control cells (100 metaphases screened for each); (i) Bar graph representation of the fold change
in individual chromosome copy numbers; (j) Representative karyotypes of (i) OVCAR3-OE cells and (i) Controls; (k) Bar graph representation of transloca-
tion events; (I) Dot plot comparing several marker chromosomes in control and OVCAR3-OE cells; (m) Frequency (number of metaphases) harboring

specific chromosomes in the marker fraction resolved by Ikaros 6.3

data not shown), suggesting that it functions as a long
noncoding RNA (IncRNA).

Increased expression of pITGB8-205 perturbs cell growth,
cycling and metabolism in p53 mutant cells
FL_pITGB8-205 was expressed at varying levels across
several HGSC cell lines, with high expression in PEO14
and OVCA420 and low expression in G1M2 and
OVCARS3 (Fig. 1g-i). Owing to its high mutation rate in
HGSC, p53 has been identified as a key contributor to
genomic instability and chromosomal and amplification
instability [36] and is directly associated with the upreg-
ulation of canonical ITGB8 [50]. We explored the asso-
ciation of pITGB8-205 with the mutational status of p53
toward cellular functions and transformation. We thus
ectopically expressed pITGB8-205 in the OVCAR3 (p53
mutant) and A4 (wild-type) HGSC cell lines and depleted
it in PEO14 (p53 mutant) cells to generate OVCAR3-
overexpressing  (OVCAR3-OE),  A4-overexpressing
(A4-OE) and PEOI14-knockdown clones (PEO14-KD;
Fig. 1g-ii). pITGB8-205 overexpression was highly lethal
and resulted in very few viable OVCAR3-OE cells (~5%),
whereas its knockdown did not significantly affect cell
viability. The most striking feature of OVCAR3-OE was
its distinctly altered metabolism (rapidly lowering the pH
of the culture media), which we experimentally attributed
to increased glucose consumption and lactate production
(Fig. 1h). This otherwise reflected a highly proliferative
state, whereas the OVCAR3-OE cells were slow cycling
compared with the control cells (higher G0/G1, reduced
S and G2M,; Fig. 1i). Label-chase confirmed the decreased
rate of cellular turnover following pITGB8-205 overex-
pression, which was further reflected by an increased cell
doubling time (Fig. 1j-i and k; Supplementary Fig. 2j-i).
OVCAR3-OE cells presented decreased colony dynam-
ics (colony size/area and density of foci), yet surprisingly,
an unaltered colony formation frequency correlated with
upregulation of the expression of the self-renewal marker
Nanog (Fig. 1f, Supplementary Fig. 2e-i, e-ii). Interest-
ingly, the effect of pITGB8-205 overexpression was very
subtle in wild-type p53 cells. Although A4-OE was indi-
cated to be slow cycling, as evidenced by the greater GO/

G1 ratio, reduced S population, increased doubling time
and significantly slower quenching of the label chase
(PKH dye) than those of OVCAR3-OE, they did not show
any metabolic perturbations (Fig. 2d and e-iii, 2f, 2 g-i,
2 g-ii). Depletion of pITGB8-205, on the other hand, did
not significantly alter the phenotype, cell cycling dynam-
ics or metabolism of PEO14-KD cells; however, these
cells presented a lower colony formation frequency and
dynamics with lower Nanog and Oct4 expression (Fig. 1h
and j-ii, 1k; Supplementary Fig. 2d, 2e-i, e-ii; 2 h). Primis-
tically, pITGB8-205 expression perturbs cell growth and
cycling independent of p53 mutational status but alters
metabolism in a way that is reliant on p53 mutational
status and may contribute to self-renewal. These find-
ings suggest that the ectopic expression of pITGB8-205
in p53-mutant cells may affect cell survival.

Overexpression of pITGB8-205 in a mutant p53
background is associated with replicative stress through
increased genomic and mitotic instabilities

Cell cycle profiling and confocal image quantification
revealed that enhanced expression of pITGB8-205 in
OVCARS3 cells led to altered cellular granularity and size,
along with an increase in the range of DNA content (from
2n—4n to 4n-8n compared with the control), unlike in
A4-OE cells, suggesting that overexpression may perturb
the dynamics of cell division and genomic stability only
under the mutant P53 background. (Figure 1a, b and ¢;
Supplementary Fig. 3a, 3b, 3c). Mitotic defects as well as
nonmitotic nuclear aberrations were indeed highly pro-
nounced in OVCAR3-OE cells (Fig. 2d, Supplementary
Fig. 3d, 4a-i, ii;). The most significant of these were chro-
mosomal segregation errors, including lagging chromo-
somes, anaphase bridges and mitotic cortical blebbing
associated with cytokinesis failure, and cleavage furrow
regression, which progresses to mitotic catastrophe.
Other emerging nuclear aberrations included a signifi-
cantly increased frequency of micronuclei along with the
emergence of notched, ring, blebbed and lobed nuclei.
Some of these mitotic errors in OVCAR3-OE cells culmi-
nated in enhanced generation of binucleate (tetraploid)
cells, a fraction of which persevere and divide to generate
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trinucleate and tetra-nucleate cells ([37]; Supplementary
Fig. 4a-i). This extensive instability, along with increased
ROS levels in OVCAR3-OE cells, likely led to apoptosis,
whereas necrosis was more pronounced in PEO14-KD
cells (Supplementary Fig. 3e, 3f). Strikingly, no significant
increase in these nuclear abnormalities, ROS levels or
apoptosis was detected in p53 WT A4-OE cells (Supple-
mentary Fig. 3 h, 4a-ii).

The high rates of ROS in the OVCAR3-OE and PEO14-
KD cells suggested that these cells may experience high
levels of DNA damage. To test this hypothesis, we quan-
tified the levels of y-H2AX (an early marker of double-
strand DNA breaks (DSBs), indicating impending DNA
repair and cell survival) in the nuclei and micronuclei of
these cells and their corresponding controls and found
that the levels of y-H2AX in both micronuclei and main
nuclei were significantly greater in the OVCAR3-OE
cells than in the controls (Fig. 2f, Supplementary Fig. 3g),
whereas the difference was not as striking for PEO14-KD
(Fig. 2g). Finally, we assessed whether any changes in the
cytoskeleton occurred in response to multinucleation
and increased cell size in OVCAR3-OE cells. We found
that the levels of actin were increased in OVCAR3-OE
vs. OVCARS3 cells, whereas no differences were observed
in the levels of tubulin (Supplementary Fig. 3i-j). Overall,
pITGB8-205 overexpression led to chromosome misseg-
regation and other phenotypes suggestive of genomic
instability in the context of a p53 mutant background
(OVCAR3-OE) but not in the presence of functional p53
(A4-OE).

pITGB8-205 overexpression leads to aneuploidy associated
with diverse structural and numerical chromosomal
aberrations

To confirm the chromosomal instabilities (CINs) sug-
gested above, we analyzed numerical and structural
differences in chromosomes (100 metaphases and 10
G-banded karyotypes, respectively). This revealed that,
as reported earlier, the OVCARS3 cells were hyperdiploid
(modal number=62; [38]), whereas the OVCAR3-OE
cells were strikingly hyperploid (>100 chromosomes;
modal number=114), with all except chromosome 21
displaying increased copy numbers and a striking twofold
increase in the number of marker (Mar) chromosomes
(Fig. 2h and j; Supplementary Fig. 5a, 5b, 5c). The latter
were classified as such since they did not appear to match
known chromosomes vis-a-vis their length, appearance
or G-banding as perceived in manual analysis. Structural
alterations included the emergence of several unbalanced
translocations (involving chromosomes 8, 9, 11, 12, 13,
X; Fig. 2i-i and i-ii, 2 h), isochromosomes (i5q, i15q)
and a rare triple translocation t(1:11:14; Supplementary
Fig. 5d). Further use of an Al-based classifier (Ikaros 6.3,
MetaSystems Hard & Software GmbH) for automated
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categorization and resolution of the identity of marker
chromosomes revealed an additional, almost complete
haploid set of chromosomes camouflaged in the mar frac-
tion of OVCAR3-OE cells (average~20 chromosomes
per cell), which were absent in parental cells (Fig. 2j and
k; Supplementary Fig. 6). Taken together, pITGB8-205
overexpression conclusively drives a multitude of errors
in the cell cycle, causing CIN and replicative stress that
ultimately culminate in complex aneuploidy approaching
whole-genome duplication (WGD).

pITGB8-205 overexpression-associated replicative stress
enhances resistance to apoptosis but is unsustainable and
reverted during tumor homeostasis

Since WGD is known to confer a survival advantage to
tumor cells, we profiled the recovery of OVCAR3-OE
and PEO14-KD cells and their respective controls fol-
lowing exposure to 8.5 Gy gamma radiation (y-IR) to
ascertain the same. A higher rate of cell survival was
evident in irradiated OVCAR3-OE cells than in control
cells, while control PEO14 cells (expressing endogenous
pITGB8-205) also survived better than PEO14-KD cells
under irradiation (Fig. 3a-i). An immediate response of
all the cell derivatives was an initial reduction in pITGB8-
205 expression, which was subsequently restored only in
OVCAR3-OE cells (Fig. 3a-ii). We speculate that while
cells expressing moderate levels of pITGB8-205 do not
survive irradiation, those with high levels of pITGB8-205
are initially arrested in the cell cycle but resume cycling
later, causing a spike in pITGB8-205 expression (Fig. 3a-
ii, 3b-iii). This resulted in improved recovery over other
cells, along with an increased number of micronuclei,
increased nuclear size and altered cell cycle dynamics
following initial G2M arrest in both OVCAR3-OE and
control cells (Fig. 3b-i and b-ii, 3b-iii). OVCAR3-OE
cells progress into further phases of the cell cycle, as evi-
denced by the increased number of cells in the G0OG1 and
S phases, consequently generating superaneuploid frac-
tions (>8 C; Fig. 3b-iv), which contribute positively to
postirradiation recovery.

Further observations and quantification of the same
features revealed a sharp reduction in pITGB-205
expression, aberrant mitoses and nuclear and cell cycle
anomalies in later passages (~30) of OVCAR3-OE cells
maintained at steady-state conditions in culture, which
were associated with reduced y-H2AX foci per nucleus,
confirming the restoration of homeostasis (Fig. 3c and d).
Despite a restored near-normal ploidy level, these cells,
however, continued to maintain a survival advantage over
controls. Taken together, these data suggest that although
replicative stress and exaggerated genomic content pro-
vide survival advantages, they may be utilized when
homeostasis necessitates a balance between energy utili-
zation and cell cycling in response to competitive forces
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Fig. 3 Effects of g-irradiation on plTGB8-205 derivative cells and their controls. (a-i) Ratios of surviving cells (irradiated: unirradiated OVCAR3 controls),
(irradiated: unirradiated OVCAR3-OE), cells (irradiated: unirradiated PEO14 controls), (irradiated: unirradiated PEO14-KD); (a-ii) Relative expression of
pITGB8-205 (vis-a-vis 133 bp of Exons 2 and 4) in postirradiation surviving cells at specific time points; (b-i) Box and whisker plot representation of micro-
nuclei-containing cells in unirradiated and irradiated OVCAR3-OE and control cells as revealed through a cytokinesis-block micronucleus cytome assay;
(b-ii) Bar graph showing increased nuclear size in the same cell groups; (b-iii) Line graph indicating the cell cycle perturbation in OVCAR3-OE vs. control
cells after irradiation; (b-iv) Histogram representing the altered ploidy in OVCAR3-OE vs. control cells after O h, 20 h and 40 h (from top to bottom) after ir-
radiation (blue— OVCAR3 control, green— OVCAR3-OE); (c) Graphical representation of reduced (i) relative mRNA expression of pITGB8-205, (ii) nuclear and
chromosomal instabilities in early- and late-passage OVCAR3-OE cells; misaligned metaphases (1), lagging chromosomes (2), anaphase bridges (3), bi-
nucleated (4), trinucleated (5), tetranucleated (6), hexanucleated (7), micronuclei (8), lobed nuclei (9), blebbed nuclei (10), notched nuclei (11), ring nuclei
(12), cytokinesis defects (13); (d) Bar graph representation y-H2AX foci in OVCAR3-OE early and late passages (p < 15 and p> 30, respectively) vs. controls;
e. Ratios of surviving cells (irradiated: unirradiated OVCAR3 controls) (irradiated: unirradiated OVCAR3-OE-EP) (irradiated: unirradiated OVCAR3-OE-LP)

within populations that deplete aneuploid cells lacking a
growth advantage. This ultimately reflects the long-term
effects of pITGB8-205, which can be activated following
irradiation and possibly other types of stress.

pITGB8-205 perturbs several molecular pathways,
including metabolism-, cell cycle- and self-renewal-
associated modules, and its ectopic expression may have a
tumor suppressive effect on WT-p53 cells

We then performed differential transcriptomics and pro-
teomics of the OVCAR3OE, A4-OE and PEO14-KD cell
derivatives and their respective controls to elucidate the
molecular pathways underlying the effects mediated by
pITGB8-205. The top 25 enriched gene sets (derived from

exclusive and upregulated transcripts) in OVCAR3-OE
reflected an involvement in chromosome maintenance,
cytoskeleton-actin filament organization, etc., whereas a
similar analysis revealed enrichment of gene sets associ-
ated with metabolism-associated changes (glycosylation,
lipid and organic acid metabolism, small molecule catab-
olism, etc.) along with epithelial cell differentiation and
gland formation that may emerge from repression of self-
renewal pathways in PEO14-KD (Fig. 4a-i and a-ii; Sup-
plementary Fig. 7a, 7b). Compared with OVCAR3-OE,
A4-OE was enriched in several immune-related pathways
(tumor necrosis factor superfamily cytokine production,
adaptive immune response, immunoglobulin superfam-
ily domains, cytokine activity, etc.), indicating distinctive
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ways in which pITGB8-205 affects a cell depending on the
p53 mutational status (Supplementary Fig. 5¢, 5d). Dif-
ferential proteomics strikingly revealed greater protein
enrichment in both OVCAR3-OE and PEO14-KD cell
derivatives than in their controls (Supplementary Fig. 8a-
i, 8a-ii, 8b-i, 8b-ii). Compared with the control, A4-OE
failed to show such protein enrichment (Supplementary

Fig. 8c-i, 8c-ii). Corroborating their transcriptional pro-
files, proteins related to actin filament organization,
cell cycle regulation, oxidative phosphorylation, and
organelle assembly were enriched in OVCAR3-OE cells,
whereas the knockdown of pITGB8-205 in PEO14-KD
cells led to the derepression of proteins associated with
focal adhesion and actin binding, anatomical structure
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and epithelial tube morphogenesis, the regulation of
microtubules, the GI1-S transition and the cell cycle
(Supplementary Fig. 8a-iii, 8b-iii). On the other hand,
A4-OE-enriched proteins largely included components
of lipid metabolism and mitochondrial ribosomes (Sup-
plementary Fig. 8c-iii). STRING-based network analyses
of the most significant protein hubs (exclusive proteins
at the core with a minimum of 10 interactors) in each
of these derivatives (A4 and OVCAR3 OE/KD) not only
supported the correlations between transcriptomics and
proteomics but also revealed different modules of the
DNA damage response and repair in the two derivatives,
OVCAR3-OE and PEO14-KD (Fig. 4b). String analysis of
A4-OE transcripts (yellow cluster, supported immune-
modulatory functions with collagen synthesis enrich-
ment; the former could indicate the tumor suppressive
effect of pITGB-205 in response to WT p53) was per-
formed (Supplementary Fig. 6d).

Enriched proteins in OVCAR3-OE cells contribute to
genomic/chromosomal perturbation, chromatin conden-
sation and spindle disassembly (ATR, PAXIP1, NPLOC4,
USB7, USB10 and UBE2L6), whereas proteins upregu-
lated in PEO14-KD cells are associated with DNA repair
and maintenance of homeostasis (APTX, ERCC2, GINS4,
POLD1, and XRCC4) (Fig. 4c) [39, 40]. Moreover, com-
pared with the control, OVCAR-OE resulted in the
downregulation of several pathways, which are pivotal for
cytokinesis regulation, further validating the aneuploidy
observed in OVCAR3-OE derivatives. Pathways such as
Rho GTPase, AURKA activation, the PLK1 pathway, and
the AURORA B pathway were among the top downregu-
lated pathways in OVCAR3-OE cells (Supplementary
Fig. 8d). Overlapping (common) enriched transcripts
and proteins of OVCAR3-OE supported the biochemi-
cal association of glycolysis and glucose metabolism,
yet others were revealed to be targets of E2F4 (potential
regulators of cell cycle arrest) or Nanog (regulating self-
renewal; Fig. 6d and e). To further explore the suggested
functionalities with cellular networks positively regu-
lated by endogenous pITGB8-205 expression, we identi-
fied a subset of proteins common to OVCAR3-OE and
PEO14 cells (high endogenous pITGB8-205 levels) that
mediate increased mRNA splicing, RNA metabolism
and SUMOylation for transcript and protein process-
ing, along with IFN-g signaling (Fig. 4f; Supplementary
Table 1). A similar comparison to probe derepression
from depleted/low endogenous pITGB8-205 expression
(OVCAR3 and PEO14-KD cells) indicated the activation
of NFE2L2 targets (TXNRD1, GSTA1l, GCLC, G6PD,
PGD, which crucially prevent cellular damage from reac-
tive oxygen species and products of peroxidation by
providing substrates such as glutathione and NADPH),
Rho GTPase signaling (involved in cytoskeleton regula-
tion) and protein ubiquitination and posttranslational
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modifications (Fig. 4f, Supplemental Table 1). The lat-
ter is most likely to protect the survival of PEO14 cells
after pITGB8-205 knockdown and contribute to the poor
initial survival of OVCAR3 cells after transfection with
pITGBS8-205.

To understand the effects of TP53 mutations in vivo,
we generated xenograft models using A4-OE and A4
cells. A drastic difference in tumor formation was
observed between the two groups, with control tumors
growing rapidly in association with weight loss in the
mice, whereas A4-OE-injected tumors were extremely
small to negligible in size and had no effect on the weight
of the animals (Fig. 4g-i and g-ii). Compared with those
of the control A4 tumors, the volume and weight of the
A4-OE tumors 36 days after injection were markedly
lower (Fig. 4g-iii, 4 g-iv). These findings strongly suggest
that in the presence of active p53, pITGB8-205 does not
have tumor-promoting effects but rather achieves tumor-
suppressive effects.

Discussion

HGSC is a prevalent and deadly subtype of epithelial
ovarian cancer, primarily due to mutations in the p53
tumor suppressor gene, which maintains stable genomic
and nuclear contents via its regulatory effects on cell cycle
checkpoints; in corollary, inactive p53 can contribute to
genomic instability, a hallmark of cancer [22, 41]. Ectopic
overexpression of pITGB8-205 in p53 mutant cells trig-
gers genetic instability reminiscent of oncogene-induced
replicative stress, which results in extensive chromosomal
instability (CIN) in association with the downstream out-
comes of micronuclei generation, aneuploidy, and larger
nuclei with distinctive architectural abnormalities [13,
42-44]. The enhanced glycolysis in OVCAR3-OE cells
can deliver enough nucleotides and intermediates for the
synthesis of other biomolecules, which are necessary for
superaneuploid daughter cells. The generation of these
tetraploid cells or multinucleated cells in the presence of
mutant p53 is a result of cytokinesis failure, as evidenced
by the deregulation of the Rho GTPase and PLK1 path-
ways in OVCAR3-OE cells due to the presence of lagging
chromosomes, which results in cleavage furrow regres-
sion [45]. The presence of micronuclei that contain one
or very few chromosomes is considered a WGD, and
the increased complexity of chromosomes within a cell
changes dynamically with its niche prior to chromothrip-
sis [46, 47], which in turn mediates various types of gross
structural-numerical chromosomal changes [13-15]. A
majority of the duplicated chromosomes following over-
expression of pITGB8-205 in OVCAR3 cells were diffi-
cult to classify manually because of atypical features and
hence were considered marker chromosomes. However, a
machine learning-based comparison with reference ideo-
grams mapped their identities revealed the possibility of
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pITGB8-205 triggering WGD in p53-mutant OVCAR3
cells. This finding is further supported by the fact that
WGD is one of the main evolutionary trajectories,
other than homologous recombination repair (HRD), in
HGSCs, 95% of which are p53 mutants, affecting patient
survival and altering genomic content [46]. Following the
ectopic expression of pITGBS, similar to the p53 mutant
derivative, p53 WT A4 cells exhibited delayed cell
cycling. However, ploidy, granularity, cell dimensions and
metabolism were completely unaltered in A4-OE cells
compared with control cells. This observation, together
with the remarkable in vivo tumor suppressive effect of
pITGB8-205 overexpression in A4 cells, reinforces the
notion that pITGB8-205 overexpression requires a p53
mutant background to contribute to genomic instability
and aggravate HGSC.

Replicative stress involving abrogation of cell cycle
regulation, mitotic slippage or bypass and cytokine-
sis defects as a driver of WGD is a consequence of p53
mutations and/or CCNEL, both of which are frequently
associated with HGSC [45]. These two features may be
involved in the development of a permissive intracellular
milieu that is a likely prerequisite for the effects mediated
by pITGB8-205. USP10-, UBE2L6- and USP7-mediated
ubiquitination, ISGylation and degradation (respectively)
of p53 in cells overexpressing pITGB8-205 are also sug-
gested to provide additional mechanisms of inactivation.
Complementing this is the possible repression of the
NFE2L2 network and its target genes that protect against
the cytotoxic effects of reactive oxygen species [46, 47].
The molecular heterogeneity of HGSC, however, suggests
that several other features are involved in the generation
of a permissive niche in tumors toward the mediation of
genomic instability by pITGB8-205.

An increased number of chromosomes arising from
abnormal replication in normal cells often degenerate
and are lost because of their inconsequence [44]. How-
ever, the expansion of genomic content in tumor cells
provides a survival advantage in unfavorable micro/
macro environments during metastasis or following
therapy. However, it is difficult to envision a scenario in
which cells with decreased turnover kinetics, increased
glycolysis and energy demands that drain available cellu-
lar resources are retained in a tumor population [48, 49].
This conundrum was resolved through our observation
that p53-mutant tumor cells overexpressing pITGBS8-
205 soon adapt to the microenvironment and progress
to a stress-free steady state in which fewer abnormal
mitoses, perturbed nuclear phenotypes and overall
reduced genetic instability maximize the efficiency of
energy utilization, as evidenced by the late passages of
the OVCAR3-OE. In addition to generating intratumor
heterogeneity, self-renewal and reversible quiescence by
aneuploid clones within a population are essential drivers
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of tumor evolution since they can promote long-term
survival and potentially lead to recurrent disease [30].
This observation is highly relevant for further study, as
most HGSCs are p53 mutants, and under this mutational
background, aneuploid clones are easily generated and
evolve. Taken together, the results of our study reveal
the pleiotropic behavior of pITGB8-205 in that it either
cooperates with mutant p53 in a manner similar to onco-
gene-induced replicative stress to increase genetic insta-
bility or complements WT p53 activities and mediates
tumor suppressor-like effects. Further mechanistic eluci-
dation of these pathways in ovarian cancer is essential for
a deeper understanding of their involvement.

Conclusion

Our results suggest that pITGB8-205 dynamic overex-
pression in pITGB8-205 mutant HGSC cells aggravates
CIN in a way similar to oncogene-induced replicative
stress with significant genomic alterations (e.g., micro-
nuclei generation and aneuploidy). This instability is
supported by altered metabolism, which provides the
necessary biomolecules for abnormal cell division. In
contrast, in p53 wild-type cells, pITGB8-205 has a mini-
mal effect on ploidy and metabolism, suggesting that its
oncogenic role is p53 mutation dependent. We also show
that p53-mutant cells are adaptable and evolve to reach
a new normal status of decreased instability while main-
taining high energy usage to support continued tumor
progression.
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