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1 | INTRODUCTION
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Abstract

Objectives: We aimed to construct an induction system for polyploid giant cancer
cells (PGCCs), as well as to investigate PGCC features and clinical significance.
Methods: A laryngeal neoplasm-PGCC induction system was constructed using
paclitaxel liposomes (PTX). We used western blots to compare expression of
epithelial-mesenchymal transition-related proteins, stem cell interrelated pro-
teins, and cyclin-associated proteins. We then measured PGCC count in tissue
samples of patients with laryngeal neoplasms and analyzed its relationship with
prognosis. Statistical significance was determined using t-tests.

Results: PTX successfully induced PGCCs. Western blotting showed that CyclinB1,
CDC25C, CDK1, E-cadherin, and EIF-4A expression decreased in PGCCs compared
with normal cancer cells, whereas vimentin and CD133 expression increased. Num-
ber of PGCCs in laryngeal cancer tissues and overall survival time were inversely cor-
related (P < .05).

Conclusions: PTX successfully induces PGCC formation in laryngeal carcinoma,
which may be the cause of poor prognosis in patients with laryngeal cancer.

Level of Evidence: 4.
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survival rate of only 50%.2 Therefore, exploring the specific mecha-

nisms of recurrence and metastasis in laryngeal cancer patients is of

Laryngeal cancer has a high incidence, accounting for 26% of malig-
nant head and neck tumors worldwide, of which 95% are squamous
cell carcinomas.® Although early diagnosis is straightforward, relapse

and tumor metastasis can still occur after treatment, with a 5-year
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great importance for improving prognosis.

Available research indicates that polyploid giant cancer cells
(PGCCs) are important factors in tumorigenesis, invasion, develop-
ment, metastasis, and chemotherapy resistance.®>* This subgroup
has characteristics of cancer stem cells and contain either a large
nucleus or multiple nuclei. Previously, PGCCs were thought to be
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undivided and incapable of surviving. However, recent studies have
revealed instead that these cells exhibit a clear dormant period with
stagnant proliferation. After the dormant period, a large number of
offspring PGCCs rapidly divide through budding and explosive divi-
sion. Thus, they are no longer considered “doomed” cells but living
“transitional” cells.

The nuclei of PGCCs are usually irregular and at least three times
the size of normal diploid neoplasm nuclei.> These features may cause
DNA over-replication, cancelation of mitotic checkpoints, and cytoki-
nesis failure. Studies have also shown that PGCCs have tumor stem
cell-like characteristics,>® specifically the capacity to express normal
stem-cell and tumor stem-cell markers. They can also differentiate
into other tissues using differentiation medium, including cartilage,
bone, adipose, red blood cells, and fibrous cells.”® This differentiation
ability is considered an important cause of tumor recurrence after
radiotherapy and chemotherapy.” Several factors greatly elevate the
clinical significance of PGCCs. First, PGCC count varies across patient
tissue samples, increasing significantly with high pathological grade
and during late disease stages or after chemotherapy.® The nuclear
features of PGCCs are useful as prognostic predictors of patients with
ovarian cancer.!!

Patients with laryngeal cancer are usually treated with neoadjuvant
chemotherapy, specifically using paclitaxel liposome (PTX), a microtu-
bule poison that inhibits cancer-cell mitosis and proliferation. In this
study, we aimed to explore the process, characteristics, and clinical
value of PGCC formation after PTX treatment of laryngeal cancer cells.

2 | MATERIALS AND METHODS
The study protocol was approved by the Ethics Committee for Human
Experiments of the Affiliated Hospital of Nantong University

(2020-L160). Informed consent was obtained from all patients.

21 | Cellculture

Human laryngeal tumor cell line TU212 was obtained from the
Laboratory of Medical College of Shanghai Jiao-tong University.
Cells were cultured in IMDM medium containing 10% FBS and 1%
penicillin-streptomycin, using an incubator maintained at 5% CO,
and 37°C.

2.2 | Induction of laryngeal cancer cell-PGCCs

TU212 was inoculated in a cell culture dish and cultured until cell
fusion reached 80% to 90%. After 16 hours of induction with a base
culture of PTX (Paclitaxel liposome for injection, China, 0.04 mg/mL),
cells were gently rinsed using phosphate buffered saline (PBS). Cultur-
ing continued in a complete medium, with the solution changing every

2 days. Approximately 20 to 25 days after PTX removal, ordinary

TU212 cells experienced 100% mortality, and only PGCCs survived.

Surviving PGCCs were collected for follow-up experiments.

2.3 | Immunofluorescence

TU212 cells were cultured on glass coverslips. After rinsing with
fresh PBS for 20 minutes, cells were fixed using 4% paraformalde-
hyde at room temperature. Next, they were blocked in 4% BSA for
2 hours at 4°C, followed by overnight incubation with primary
antibody against vimentin (Cell Signaling Technology, USA, 5741;
dilution ratio: 1:100) at 4°C. Cells were then washed with fresh
1x PBS for 15 minutes and incubated in a solution of Alexa Fluor
488 (Beyotime, China, A0423; dilution ratio: 1:200). After three
PBS washes and staining with DAPI (Invitrogen, D1306) for
15 minutes, samples were observed under a fluorescence micro-

scope (Zeiss, Germany).

24 | Live/dead assay

Live/dead fluorescent staining was performed using a LIVE/DEAD
assay kit (BestBio, China, BB-4101-1). Calcein AM emits green fluo-
rescence in living cells, whereas propidium iodide causes red fluores-
cence in dead cells. First, PGCCs were cultured in cell culture dishes,
then rinsed twice with PBS before using the assay kit. Subsequently,
they were incubated for 25 minutes. Samples were observed under a

fluorescence microscope (Zeiss, Germany).

2.5 | Western blotting

Three groups of cells were used: control (normal diploid laryngeal
cancer cells), drug-withdrawal (PTX removed), and PGCC. After
extraction using RIPA buffer with protease inhibitors, protein con-
centration was measured with BCA and electrophoresis using a 6%
to 10% SDS-PAGE gel. Proteins were then transferred onto PVDF
membranes and blocked with 5% non-fat milk powder for 1 hour.
Membranes were incubated with primary antibodies overnight at
4°C, washed three times with TBST, incubated with secondary anti-
body for 1 hour, rewashed, and subjected to the ECL kit (Millipore,
USA, WBKLS0500). Resultant signals were exposed to X-ray film
for development and scanned into a computer using radiographic
film. Antibodies used were B-Actin (Proteintech, Wuhan, China,
66009-1-1g, dilution ratio: 1:600), CDC25C (Proteintech, Wuhan,
China, 16485-1-AP; dilution ratio: 1:1000), CDK1 (Proteintech,
Wuhan, China, 19532-1-AP; dilution ratio: 1:1000), CyclinB1 (Pro-
teintech, Wuhan, China, 55004-1-AP; dilution ratio: 1:1000), and
CD133 (Proteintech, Wuhan, China, 18470-1-AP; dilution ratio:
1:1000), E-cadherin (Cell Signaling Technology, USA, 3195; dilution
ratio: 1:2000), and vimentin(Cell Signaling Technology, USA, 5741,
dilution ratio: 1:2000).
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FIGURE 1 PTX treatment can induce PGCC formation. (A) After PTX treatment for 16 hours and at 20 days posttreatment, TU212 was

induced to form PGCCs. (B) (a) Normal TU212 without PTX treatment. (b) Cell morphology was observed after 16 hours of PTX treatment. (c,d)
After 20 days, giant nuclei developed. Scale: 20 pm. (C) Cytoplasm was stained with vimentin (green) and nuclei were stained with Hoechst (blue).
(a-c) Control group. (d-i) Multicore PGCCs; red arrow indicates nucleus. Scale: 20 um. (D) (a-d) Budding PGCCs, with DNA present in PGCC
branches. Red arrow indicates nucleus. Scale: 20 pm. (E) PGCCs were alive. Images taken under 400x microscope
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2.6 | Detection of PGCCs in pathological sections

Tissue samples from 102 patients diagnosed with laryngeal carcinoma
during 2013 to 2020 were collected and stored at the Department of
Surgery and Pathology, Affiliated Hospital of Nantong University.
Hematoxylin-eosin (HE)-stained sections from each sample were sub-
jected to a count of PGCCs by three independent senior pathologists.
For counting, nine fields of view were randomly selected for each slice

under a 200-fold microscope (Zeiss, Germany).

2.7 | Statistical analyses

Data were analyzed using t-tests in SPSS 19.0. Kaplan-Meier survival

curves were used to express survival results in GraphPad Prism 8.0

(A) (B)

(GraphPad Prism Software, Inc). Statistical significance was defined
as P < .05.

3 | RESULTS

3.1 | PTXtreatment can induce PGCC formation

To investigate the influence of PTX treatment on laryngeal carcinoma,
we first treated TU212 cells with PTX for 16 hours (Figure 1A).
Microscopic observation revealed a few TU212 cells that became
round and bright when PTX was withdrawn (Figure 1B-a,B-b). At
20 days posttreatment, most normal-sized diploid cells were killed,
and only a minority of PGCCs survived. These PGCCs were

multinucleated and much larger than normal TU212 cells (Figure 1B-c,
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FIGURE 2 Characteristics of PGCCs. (A and B) Western blots of CD133, CyclinB1, CDC25C, EIF4A1, and CDK1 expression in TU212, cells
after PTX withdrawal, as well as in PGCCs. (C and D) E-cadherin and vimentin expression in TU212, cells after PTX withdrawal, as well as in

PGCCs
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FIGURE 3 Number of PGCCs in tissue sections of patients with laryngeal carcinoma. (A) (a) HE staining of normal epithelial tissues. (b) HE
staining of PGCCs, indicated with the black arrow. Scale: 20 um. (B) (a and b) PGCCs in tissue sections from patients with well-differentiated
laryngeal carcinoma. (c and d) PGCCs in tissue sections of patients with lowly differentiated laryngeal carcinoma. (C) (a) Relationship between
total survival time and PGCC count in patients with laryngeal cancer from 2013 to 2020. (b) Relationship between 3-year survival rate and lymph
node metastasis in patients with laryngeal cancer from 2013 to 2016, P < .05

B-d). Normal Tu212 cells were around 50 pm and grew adherent to
the wall, with a polygonal shape and clear outline (Figure 1B). In con-
trast, PGCCs were irregular and about 160 pm in size, with stagnant
proliferation. We then investigated changes to nucleocytoplasmic dis-
tribution after PTX treatment. After labeling chromosomes with DAPI
(blue) and cytoplasm with vimentin (green), immunofluorescence iden-
tified different nucleus sizes in PGCCs (Figure 1C). In addition, we
observed one large nucleus and two small nuclei in the same cell. This
asymmetrical division indicates failed mitosis, and could also be the
start of splitting genetic material before the daughter cell buds.

At 20 to 25 days post-PTX treatment, daughter cells budded from sur-
viving PGCCs (Figure 1D), specifically through extending long branches con-
taining DNA. Daughter cell nuclei are derived from PGCC nuclei via these
branches, consistent with our observations. In addition, we confirmed that

PGCCs were alive using live/dead cell double-staining (Figure 1E).

3.2 | Characteristics of PGCCs
We found that PGCCs have the capability to form colonies, also known
as the intrinsic of stem cells. We used western blotting to measure

changes in stemness. Compared with control TU212, CD133

expression was significantly higher in PGCCs (Figure 2A), suggesting
that PGCCs present cancer stem-like cell characteristics.

Because PTX acts on tubulin to stabilize microtubules and cause
cell cycle arrest, we investigated expression of cell cycle-related pro-
teins. CDC25C, CDK1, and cyclinB1 expression was lower in PGCCs
than in control TU212. CDC25C expression also decreased upon PTX
withdrawal. Both control TU212 and PTX-withdrawal groups had
lower EIF-4A expression (Figure 2A,B).

Epithelial-to-mesenchymal transition (EMT) refers to the loss of
intercellular adhesion in epithelial cells, followed by acquiring the ability
to migrate and invade. Some studies have shown that EMT promotes
tumor invasion and metastasis. To investigate the complex biological
behaviors of PGCCs, we detected protein cleavage with immunoblot-
ting (Figure 2C,D). Decreased E-cadherin expression and increased

vimentin expression in PGCCs suggested that EMT had occurred.
3.3 | Clinical significance of PGCC expression in
laryngeal carcinoma specimens

Examination of patient tissue specimens revealed PGCCs in patho-

logic sections, based on known morphological features (Figure 3A).
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TABLE 1 Quantitative analysis of PGCCs in 102 cases of laryngeal carcinoma
Parameters Total (102) PGCCs high expression (22) PGCCs low expression (80) P-value
Age (years) 22
<63 53 8 45
>63 49 14 35
Gender
Male 102 22 80
Female 0 0 0
Lymph node metastasis .06
Positive 22 8 14
Negative 80 14 66
Prognosis .0001
Alive 80 9 71
Dead 22 13 9
TABLE 2 . Statistical analysis of Lymph node metastasis Lymph node metastasis
3-year survival rate and lymph node
metastasis in 51 patients with laryngeal Parameters Total (51) Positive (21) Negative (30) P-value
carcinoma Prognosis
Alive 51 12 24 .0009
Dead 9 6

HE staining revealed significant correlations between PGCC expres-
sion and histological differentiation (Figure 3B). Concurrently, we
followed up on overall survival times (Table 1) and analyzed them
using Kaplan-Meier plots. Number of PGCCs and prognosis time were
inversely correlated (Figure 3C-a). Additionally, patients with a high
PGCC count had relatively poor prognosis. Thus, PGCCs may be an
element indicating poor prognosis in patients with laryngeal carci-
noma. In addition, we counted the 3-year survival rate of 51 patients
with laryngeal cancer from 2013 to 2016 (Table 2), and demonstrated
that those who developed lymph node metastasis had a poor progno-
sis (P < .05) (Figure 3C-b).

4 | DISCUSSION
Paclitaxel, docetaxel, CoCl,, radiotherapy and targeted-therapy agents
can induce PGCC formation from tumor diploid cells.>*?7% Clinically,
PTX is commonly used for chemotherapy in patients who suffer from
laryngeal carcinoma, with greatly improved prognosis. However, some
patients still develop “explosive” recurrence and distant metastasis,
accompanied by poor prognosis.”*? Therefore, we need to under-
stand the mechanism of this poor prognosis after PTX treatment.
First, we performed long-term observation of TU212 cells after
PTX treatment and found that a small number of them did not die,
instead generating giant nuclei or multinucleated PGCCs. These cells
then generate daughter cells through budding out of branch-like
structures. PGCCs are thought to arise from failed mitosis, in a pro-

cess called endoreplication.*® During the normal cancer cell cycle,

CDC25C activates CDK1. Subsequently, the binding and translocation
of CDK1 and cyclin B1 to the nucleus triggers the G2/M transition of
cell cycle.17'18 Here, we found that upon PTX withdrawal, CDC25C
expression decreased, suggesting a block in cell cycle initiation. Mean-
while, CDC25C, CDK1, and cyclinB1 expression was lower in PGCCs
than in control TU212, possibly accounting for this mitotic block and
causing the formation of multiple giant nuclei in PGCCs.2%2°

We also discovered that PGCCs had significantly lower
growth rates than normal TU212 cells. We showed that EIF-4A1
expression decreased in PGCCs. EIF4A is a dead-box helicase that
is a part of the translation initiation complex, and lowered EIF-
4A1 expression inhibits cell proliferation ability.?! Our findings
suggested that PTX caused stress in TU212 cells, shutting down
protein translation. Upon PTX withdrawal, the cell cycle prog-
ressed, but more slowly.

Studies have indicated that PGCCs can express CD133%2 a
marker of cancer stem cells. CD133 regulates tumorigenesis, self-
renewal, angiogenesis, and chemoradiotherapy resistance. Here, we
confirmed that CD133 expression is significantly elevated in PGCCs.

Some scholars suggest that PGCCs have a mesenchymal pheno-
type, meaning a stronger ability to migrate and invade than common
diploid cancer cells.>?® Here, we examined the expression of two
EMT-associated proteins in PGCCs and TU212 cells without PTX
treatment. The first protein is E-cadherin, which promotes epithelial
cell adhesion and is widely recognized as a molecular marker of EMT
in epithelial tissues.2* The second protein is vimentin, an essential part
of the cytoskeleton (distributed widely in mesenchymal cells).?> We

found that PGCCs had lower E-cadherin and higher vimentin
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expression than normal cancer cells, indicating greater migratory
capacity in PGCCs. This trait may be responsible for the development
of distant metastases years after treatment.

On this basis, we collected clinical data and counted PGCCs in
pathological sections of patients with laryngeal cancer over a period
of nearly 7 years. Our results suggest that the number of PGCCs is
related to 3-year survival. Furthermore, PGCCs appear to be a poor
prognostic factor for patients.

In conclusion, our study demonstrated that a fraction of laryngeal
carcinoma cells generate PGCCs after PTX treatment. This occurrence
is likely an extremely significant reason for posttreatment tumor recur-
rence and distant metastasis. Therefore, PGCCs may be a novel thera-
peutic target for the treatment of laryngeal cancer. Prevention of PGCC
formation, as well as exploring the molecular mechanisms of their

behaviors, will benefit the refinement of laryngeal cancer therapy.
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