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Abstract 

Background To distinguish and co-detect aneuploid  CD31− tumor cells (TCs) and  CD31+ tumor endothelial cells 
(TECs) may have significant diagnostic values for cervical cancer screening. However, there are very few relevant 
studies. In the present study, a novel “immunofluorescence staining integrated with fluorescence in situ hybridization 
(iFISH)” tumor tissue biopsy platform was applied to comprehensively investigate the clinical utilities of aneuploid TCs 
and TECs in all-stage cervical lesion smear specimens.

Methods A total of 196 patients were enrolled in this study. Immunofluorescence staining of p16 and Ki67 combined 
with FISH was applied to quantitatively co-detect and characterize subcategorized aneuploid  CD31− TCs and  CD31+ 
TECs in cervical cytological specimens. The Kruskal‒Wallis H test was used to compare the distributions of aneuploid 
TCs and TECs among all stages of cervical lesions and among the different high-risk HPV types (HPV16/18 and non-
HPV16/18). The diagnostic value of detecting aneuploid TCs and TECs for high-grade squamous intraepithelial lesions 
 (HSIL+) was investigated via receiver operating characteristic curve analysis.

Results The number of total aneuploid  CD31− TCs and their  p16+ and/or  Ki67+ (p16/Ki67+) subtypes increased 
markedly with the severity of cervical lesions, although a similar trend was not observed for aneuploid  CD31+ TECs. 
The increase in aneuploid TCs resulted from HPV16/18 infection was mainly concentrated in low-grade squamous 
intraepithelial lesion(LSIL), whereas the increase caused by non-HPV16/18 infection was mainly concentrated in HSIL. 
To identify  HSIL+, the area under the curve (AUC) of tetraploid TCs was the largest (0.739), followed by multiploid 
(≥ pentaploid) TCs (0.724) and triploid TCs (0.699). For the combined subtypes, the AUC of ≥ tetraploid TCs was 0.745, 
and their unique diagnostic value was clinically reflected by their high specificity.

Conclusion The quantity of  CD31− aneuploid TCs was associated with the severity of cervical lesions. In HPV16/18 
positive patients, aneuploid  CD31− TCs were significantly increased in the LSIL. Moreover, aneuploid  CD31− TCs 
exhibited remarkable specificity for detecting  HSIL+. Further studies are required to expand the potential clinical utility 
of detecting  CD31− aneuploid TCs.
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Background
Cervical cancer is the fourth most common malignant 
tumor in women and severely threatens female health. 
According to Global Cancer Statistics 2020, more than 
600,000 new cases and more than 340,000 mortality are 
estimated yearly [1]. Carcinogenic human papillomavirus 
(HPV) infection is the most critical condition for cervical 
cancer. However, HPV infection has a long-term natural 
history before it progresses to cervical cancer. Addition-
ally, premalignant lesions known as cervical intraepithe-
lial neoplasia (CIN) have varied in severity over several 
years or more than a decade [2], providing an excellent 
“window” for the prevention and treatment of cervical 
cancer. HPV vaccination and cervical screening are the 
most effective ways to prevent cervical cancer. Given the 
low rates of vaccination in China [3], cervical screening 
remains the first line of prevention for cervical cancer. 
High-risk HPV (hrHPV) testing is the primary screen-
ing method with high sensitivity. Many patients have 
"transient" infections, necessitating the triage of women 
with hrHPV infection. Although it is the most frequently 
used triage strategy, cytological testing has inherent limi-
tations that rely on the training and experience of the 
pathologist, is strongly subjective, and lacks quality con-
trol, which inevitably increases the rate of misdiagnosis 
[4–6]. Several studies have focused on new biomarkers 
and cervical screening techniques to maximize the cost-
efficiency of patients.

Aneuploidy refers to the gain or loss of chromosomes, a 
common characteristic of malignant tumors, and occurs 
in 90% of solid tumors [7]. It is an early event of tumo-
rigenesis and can participate in tumor formation and 
development, such as affecting the cell cycle and genomic 
stability, producing a protein stress response, interfering 
with cell metabolism, and altering the tumor microenvi-
ronment [7–9]. A high frequency of aneuploidy is asso-
ciated with invasion, metastasis, and poor prognosis in 
various types of tumors. Previous studies have shown 
that hrHPV infection is related to the development of 
aneuploidy and positively correlated with the severity 
of cervical lesions [10, 11]. Thus, designing a strategy 
capable of detecting aneuploidy in these abnormal cells 
may have clinical value in the early diagnosis of cervical 
lesions, especially high-grade lesions.

Immunofluorescence staining integrated with fluores-
cence in  situ hybridization (iFISH) is a new detection 
technique combining protein immunofluorescence stain-
ing and chromosome karyotype detection to identify and 

characterize subclasses of aneuploid TCs and TECs [12]. 
Some previous studies performed by others applied FISH 
alone to analyze chromosomal copy number aberrations 
in exfoliated cervical cells. Preliminary results showed 
that the frequency of chromosomal aberrations in exfo-
liated cervical cells varies with the stage of the cervical 
lesion [10, 13, 14]. Furthermore, these chromosomal 
aberrations also vary based on different HPV genotypes 
[15], which may guide personalized management of pre-
cancerous lesions. Previous studies have focused mainly 
on changes in some chromosome sites, and limited data 
on the chromosomal karyotype have been collected. 
In addition, these studies were incapable of combin-
ing tumor marker staining simultaneously. Therefore, 
there is insufficient evidence on the use of chromosomal 
karyotype changes with tumor marker staining in the 
clinical diagnosis of cervical lesions, and several studies 
are needed to quantify the risk stratification of cervical 
lesions.

In the present study, we used iFISH tumor tissue 
biopsy technology to detect aneuploidy in exfoliated 
cervical cells from patients referred for colposcopy and 
selected centromere probe 8 (CEP8) to estimate chro-
mosome ploidy and p16 and Ki67 as tumor markers [16]. 
In addition, an anti-CD31 immunostaining was applied 
to distinguish TECs which also exhibit aneuploidy and 
participate in tumor progression and metastasis [17, 18]. 
Different subtypes of aneuploid TCs and TECs were sub-
sequently screened on the basis of the above character-
istics. Next, we assessed the differences in chromosome 
ploidy and explored the diagnostic accuracy of various 
subclasses of aneuploid TCs and TECs for detecting 
high-grade cervical lesions.

Materials and methods
Patients and samples
A total of 196 subjects (clinical characteristics were 
presented in Table  1) treated at the North Cam-
pus of Shanghai General Hospital (Shanghai, China) 
between August 2022 and March 2023 were enrolled 
in this study. All subjects were referred for colposcopy 
due to either HPV positivity or abnormal cytological 
results (according to the American Society for Col-
poscopy and Cervical Pathology (ASCCP) guidelines 
[19]). Prior to colposcopy, cytology samples were col-
lected from the cervical canal and the transformation 
zone with a cell brush and transferred to Cell Preser-
vation Solution (Cytelligen, San Diego, CA, USA). The 
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exclusion criteria in this study were as follows: (A) 
acute inflammatory period (acute cervicitis), sexual 
life within 24 h; (B) menstruation, pregnancy, or post-
partum within 42  days; (C) history of total hysterec-
tomy, cervical surgery, or cervical physical therapy 
within 3  months; and (D) receiving pelvic radiation 
therapy at any time previously or having a history of 
other malignancies.

Colposcopy and pathological results
Macroscopic cervical lesions were directly biopsied 
via colposcopy conducted by skilled gynecologists. If 
these lesions were invisible, biopsies were randomly 
taken from 3, 6, 9, and 12 points of the cervix. All 
high-grade squamous intraepithelial lesion (HSIL) 
patients were hospitalized for standardized treatment. 
The histopathological results of both colposcopy biop-
sies and surgical samples were considered, and the 
highest pathological index of the cervix was the final 
diagnosis. All the samples were processed via stand-
ard histopathological procedures, and two pathologists 
evaluated the results in a double-blinded manner. The 
final diagnosis was confirmed by the chief pathologist. 
The pathological examination results were classified 
as normal (including cervicitis), low-grade squamous 
intraepithelial lesion (LSIL, equal to CIN1), HSIL 
(equal to CIN2-3), and cervical cancer. The final diag-
noses of the subjects included in this study were as fol-
lows: 70 patients with normal cervix, 53 patients with 
LSIL, 51 patients with HSIL, and 22 patients with cer-
vical cancer.

iFISH tumor tissue biopsy of cervical scraping smear 
samples
iFISH tumor tissue biopsy was applied to detect ane-
uploid  CD31− TCs and  CD31+ TECs expressing tumor 
markers in cervical smear specimens stored in Cell 
Preservation Solution (Cytelligen). The samples were 
processed according to the manufacturer’s protocol 
(Cytelligen). Briefly, samples without floccules were clari-
fied by centrifugation at 500 × g at room temperature for 
5 min, followed by transferring the sedimented cells into 
a 1.5-mL Eppendorf tube containing 800 mL of Circulat-
ing Rare Cell (CRC) buffer. The samples were thoroughly 
homogenized via a syringe. The pellet was obtained by 
centrifugation at 2300 × g for 3 min and resuspended in 
100 mL of CRC buffer plus 2 mL of antigen repair buffer 
for 10 min, followed by incubation at room temperature 
for 20  min with an antibody cocktail including Alexa 
Fluor (AF) 488-conjugated anti-Ki67, AF 594-conjugated 
anti-p16, and Cy5-conjugated anti-CD31. The tissue fixa-
tive (Cytelligen) was dropped on the slides, which were 
subsequently dried overnight. Then, FISH was performed 
with the centromere probe 8 (CEP 8) SpectrumOr-
ange (Vysis, Abbott Laboratories, Chicago, IL, USA) as 
described previously [20]. Briefly, the slides were sequen-
tially treated with FR1, FR2, and FR3 and dehydrated in 
absolute ethyl alcohol. Finally, the cells were hybridized 
with CEP8, washed with FR3 solution, and mounted 
with iFISH Full Spectrum Anti-Fade Mounting Medium 
(Cytelligen).

The protocol of co-immunofluorescence staining of 
Ki67 and p16 in HeLa cells either growing on the cover-
slip or being stored in the cell preservation reagent was 
same to that described above. Fluorescence conjugation 
of all antibodies was performed in house at Cytelligen.

Automated image scanning and analyses
Images of aneuploid TCs and TECs on coated and for-
matted CTC slides (Cytelligen) were captured and ana-
lyzed via an automatic Metafer-iFISH 3D scanning and 
image analysis system. Five-channel automated X-Y 
scanning with cross-Z-sectioning of all the cells was per-
formed at depths of 1 mm (DAPI, CD31, CEP8, p16, and 
Ki67). Automatic image processing, classification, and 
statistical analysis were performed on the basis of the 
expression of tumor markers and chromosome ploidy.

Statistical analysis
All the data were statistically analyzed via IBM SPSS soft-
ware (version 26.0) and GraphPad Prism software (ver-
sion 8.0). Differences in continuous variables between 
groups were compared via the Kruskal‒Wallis H test, and 
all data were presented as the median with interquartile 

Table 1 Clinical characteristics of 196 enrolled individuals

N(percentage,%)

Age(mean,range) 43 (21–78)

The stage of cervical lesion

 Normal 70(35.7%)

 LSIL 53(27.0%)

 HSIL 51(26.0%)

 Cancer 22(11.2%)

HPV type

Normal HPV16/18 41(20.9%)

non-HPV16/18 29(14.8%)

LSIL HPV16/18 23(11.7%)

non-HPV16/18 30(15.3%)

HSIL HPV16/18 22(11.2%)

non-HPV16/18 29(14.8%)

Cancer HPV16/18 17(8.7%)

non-HPV16/18 5(2.6%)
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range. Nonparametric receiver operating characteristic 
(ROC) curve analysis was used to compare low-grade 
(≤ LSIL) and high-grade (≥ HSIL) cervical lesions. A 
threshold was subsequently established for the number 
of aneuploid TCs and TECs, and the maximum Youden 
index (sensitivity + specificity − 1) was used to determine 
the cutoff value. All data in this study were expressed as 
a ratio of 10,000%, and logarithms with base 10(lg func-
tion) were displayed in the graph. p < 0.05 was considered 
statistically significant.

Results
Identification of aneuploid TCs and TECs
To examine expression and distribution pattern of Ki67 
and p16, cervical cancer cell line cells HeLa and pap 
smear specimens were co-immunostained with mAbs 
anti-Ki67 and p16. Heterogeneous localization of Ki67 
was observed in HeLa cells and clinical samples, showing 
nucleolus, nucleus and cytoplasm staining, respectively. 
p16 was observed in either nucleus or cytoplasm of both 
HeLa cells and clinical specimens.

Images of iFISH identified cells in clinical specimens 
captured utilizing an automated image scanning and 
analyzing system are shown in Fig. 1. In accordance with 
previous studies [21, 22], we defined aneuploid TCs as 
those with  DAPI+/CD31−/CEP8 > 2 and aneuploid TECs 
as those with  DAPI+/CD31+/CEP8 > 2. Then, aneuploid 
TC and TEC subtypes, including triploid, tetraploid, and 
multiploid (≥ pentaploid) TCs and TECs were counted. 
On the other hand, haploids were not counted due to 
the small sample size, and no significant difference was 
detected in the preliminary experiment. p16 and Ki67 
have been identified as tumor markers for high-grade 
cervical lesions in clinical practice [23]. The expression 
of p16 and Ki67 on TCs and TECs was observed in the 
present study.

Distribution of aneuploid TCs and TECs in different cervical 
lesion stages
The results of the comparisons of the distributions of 
aneuploid TCs and TECs in different stages of cervical 
lesions are presented in Fig. 2 as lg values [(total number 
of aneuploid cells/slide cells) × 10,000 + 1]. Interestingly, 

different proportions of aneuploid TCs were detected in 
normal cervices infected with hrHPVs, and the propor-
tion of aneuploid TCs increased gradually with increas-
ing severity of cervical lesions, however, no significant 
difference was observed between the normal and LSIL 
groups, but the differences among the other groups were 
statistically significant (Fig.  2A), this phenomenon was 
not obvious in aneuploid TECs (Fig. 2B). Next, we ana-
lyzed the proportion of  p16+ and/or  Ki67+ (p16/Ki67+) 
aneuploid TCs and TECs. Images revealed that the posi-
tive rate of p16/Ki67 increased with the severity of the 
cervical lesions. Additionally, the proportion of p16/
Ki67+ aneuploid TCs in cervical cancer was significantly 
greater than that in HSIL, LSIL, and normal cervix, but 
this difference was not significant for aneuploid TECs 
(Fig. 2C, D).

Subclassification of aneuploid TCs and TECs 
by chromosomal ploidy
To further understand the distribution and clinical sig-
nificance of aneuploid TCs and TECs with different 
chromosome ploidies at all stages of cervical lesions, we 
divided aneuploid TCs and TECs into 12 subtypes. The 
results revealed that the difference between the normal 
and LSIL groups was not statistically significant for any 
aneuploid subclass of TCs or TECs. Among all subtypes 
of aneuploid TCs, the proportion of tetraploid and ≥ pen-
taploid TCs in patients with HSIL and cervical cancer 
was significantly greater than that in patients with mild 
lesions, although the distributions of the triploid TCs 
were similar, they could not distinguish between LSIL 
and HSIL (Fig.  3A). For aneuploid TECs, the alteration 
trend of the proportion in each subclass was irregular, 
and only TECs with ≥ pentaploid ploidy could distinguish 
cervical cancer from HSIL, LSIL, and normal cervix 
(Fig. 3B).

In the analysis of p16/Ki67+ aneuploid TCs and TECs, the 
positive rate of p16/Ki67 in each subclass of aneuploid TCs 
increased with the severity of the cervical lesions (Fig. 3C). 
First, the results of the analysis of triploid TCs revealed that 
the positive rate of p16/Ki67 in the cancer group was much 
greater than that in the HSIL, LSIL, and normal groups. 
Compared with triploid tumor cells, p16/Ki67+ tetraploid 

Fig. 1 Detection of aneuploid TCs and TECs in cervical exfoliated cells of patients with cervical lesions by iFISH. A Heterogeneous localization 
of Ki67 and p16 in cervical cancer HeLa cells. Ki67 is observed in nucleolus of HeLa cells cultured on the coverslip (a) and in nucleus as well 
as partially in nucleolus of trypsinized HeLa cells stored in the preservation solution (b). p16 localizes in cytoplasm under both conditions. B 
Representative images of aneuploid  CD31− TCs in clinical pap smear specimens examined by iFISH. Aneuploid TCs are defined as  DAPI+/CD31−/
CEP8 > 2 with or without Ki67 and/or p16 expression. C Representative images of aneuploid  CD31+ TECs in pap smear specimens. TECs are defined 
as  DAPI+/CD31+/CEP8 > 2 with or without Ki67 and/or p16 expression. Bar, 5 μm. Similar to HeLa cells (A), heterogeneous localization of Ki67 and 
p16 is found in TCs (B) and TECs (C), which is same to that previously reported by others

(See figure on next page.)
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Fig. 1 (See legend on previous page.)
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TCs were distinguished between patients with HSIL and 
those with milder lesions. On the other hand, the propor-
tion of ≥ pentaploid TCs that were p16/Ki67+ could dis-
tinguish all stages of cervical lesions well except between 
the normal and LSIL groups, and the significance was 
better than that in p16/Ki67+ triploid and tetraploid TCs. 
The current data indicate that the higher the ploidy is, the 
greater the degree of chromosomal instability is, thus mak-
ing the cells conducive to the development of malignant 
tumors. Therefore, the positive rates of tumor markers in 
aneuploid TCs at different grades of cervical lesions dif-
fer markedly. However, this phenomenon did not occur in 

all subclasses of TECs. As shown in Fig. 3D, no significant 
difference was detected in the positive rate of target cells 
among all groups except for the difference in ≥ pentaploid 
TECs between cancer and LSIL groups. This suggests that 
the multiploidy TECs will only show a significant increase 
during the cancer stage.

Distribution of aneuploid TCs and TECs 
in precancerous lesions caused by HPV16/18 infections 
versus non‑HPV16/18 infections
The management strategies for individuals with a 
normal cervix and LSIL differ between those with 

Fig. 2 Distribution of aneuploid TCs and TECs at different stages of cervical lesions. N = total number of abnormal cells/slide cells) × 10,000 + 1. H 
value: HA = 40.469, HB = 4.907, HC = 23.581, HD = 7.563
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HPV16/18 infections and those with non-HPV16/18 
infections. Furthermore, there is variation in the clear-
ance of HPV and the recurrence rates of lesions after 
HSIL treatment. Therefore, clarifying the distribution 
of aneuploid TCs and TECs in different HPV types 
might aid in the tailored management of precancerous 
lesions. Following stratification on the basis of HPV 
type, our findings revealed that the distribution of ane-
uploid TCs and TECs differed from the overall trend. 
Specifically, for patients with HPV16/18 infection, the 
number of aneuploid TCs in the LSIL group was signifi-
cantly greater than that in the normal group, whereas 
no significant difference was detected between the LSIL 

and HSIL groups (Fig.  4A). In contrast, for patients 
with non-HPV16/18 infections, the distribution of ane-
uploid TCs was obviously different between the LSIL 
and HSIL groups (Fig. 4C), suggesting that the progres-
sion of lesions may vary in speed between HPV16/18 
and non-HPV16/18 infections, with HPV16/18-
infected patients potentially experiencing rapid lesion 
progression at an earlier stage. The corresponding p16/
Ki67 positivity rates in the HPV16/18-positive group 
tended to increase overall, although the difference was 
not significant (Fig. 4B). In contrast, no discernible dif-
ference was evident in the non-HPV16/18-positive 
group (Fig.  4D). Similarly, these differences were not 
reflected in the distribution of aneuploid TECs (Fig. 5).

Fig. 3 Distribution of aneuploid TC and TEC subtypes at different stages of cervical lesions. H value: A HA tri = 32.960, HA tetra = 37.982, HA multi = 33.139. 
B HB tri = 1.384, HB tetra = 0.660, HB multi = 16.390. C HC tri = 23.737, HC tetra = 21.888, HC multi = 32.664, (D) HD tri = 3.988, HD tetra = 0.859, HD multi = 12.249
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Subclassification of chromosomal ploidy of aneuploid TCs 
and TECs in precancerous lesions caused by HPV16/18 
infections versus non‑HPV16/18 infections
In the HPV16/18 group, significant differences were 
observed in all subtypes of aneuploid TCs between the 
normal cervix and both the LSIL and the HSIL. Notably, 
the differences were most pronounced in triploid and 
tetraploid TCs (Fig. 6A). In contrast, for non-HPV16/18 
infections, only tetraploid and ≥ pentaploid TCs exhibited 
significant differences between the HSIL and both the 
LSIL and the normal cervix (Fig. 6C). For p16/Ki67+ ane-
uploid TCs in HPV16/18 infections, tetraploid and ≥ pen-
taploid TCs presented differences between the normal 
cervix and HSIL, in addition, tetraploid TCs could dis-
tinguish LSIL from HSIL (Fig.  6B). In non-HPV16/18 
infections, only ≥ pentaploid TCs could effectively dis-
tinguish LSIL from HSIL (Fig. 6D). Nevertheless, across 
all subtypes of TECs, no apparent difference emerged in 

the number of triploid, tetraploid, or ≥ pentaploid TECs 
among the different groups (Fig. 7).

Identification of  HSIL+ by individual and combined 
aneuploid TC and TEC counts
Given that the clinical treatment focuses on HSIL and 
above lesions  (HSIL+), we divided the pathology results 
into two groups: patients with ≤ LSIL and patients 
with ≥ HSIL. The ROC curve was plotted to evaluate 
the diagnostic value of each subcategory in the predic-
tion of  HSIL+ (Fig. 8). Next, we selected the best cutoff 
values on the basis of the maximum value of the Youden 
index, and the corresponding sensitivity and specificity 
are shown in Table 2. The area under the curve (AUC) 
of tetraploid TCs was the largest (AUC = 0.739, cut-
off value: 8.83, sensitivity: 60.3%, specificity: 80.5%), 
followed by ≥ pentaploid TCs (AUC = 0.724, cutoff 
value: 1.74, sensitivity: 69.9%, specificity: 69.9%) and 

Fig. 4 Distribution of aneuploid TCs at different stages of cervical lesions after discriminating HPV types. H value: HA = 10.245, HB = 5.077, HC = 10.629, 
HD = 2.717
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triploid TCs (AUC = 0.699, cutoff value: 24.73, sensitiv-
ity: 45.2%, specificity: 89.4%). However, the analytical 
results obtained from aneuploid TCs and TECs positive 
for p16/Ki67 were unsatisfactory. The AUC values were 
small, and the sensitivity of aneuploid TCs with posi-
tive p16/Ki67 was much lower than expected, while the 
specificity was satisfactory. In addition, among these 
aneuploid TCs, the specificity of ≥ pentaploid TCs with 
positive p16/Ki67 expression was the highest (88.6%), 
followed by tetraploid TCs with positive p16/Ki67 
expression (78.9%) and triploid TCs with positive p16/
Ki67 expression (64.4%). Together, the diagnostic value 
of a single subclass is reflected mainly in its specific-
ity. Next, we combined some subclasses, and the AUC 
value of ≥ tetraploid TCs was the largest (AUC = 0.745, 
cutoff value: 8.74, sensitivity: 71.2%, specificity: 74.8%). 
The sensitivity and specificity of the other combina-
tions are shown in Table 2.

Discussion
In this study, we evaluated the variation in the number 
of chromosome 8 aneuploid TCs and TECs at different 
stages of the cervical lesion and different HPV types. 
Additionally, the diagnostic value of aneuploidy sub-
types and their combinations for  HSIL+ patients was 
determined. The results revealed that the distribution 
of aneuploid TCs varied with the severity of the cervi-
cal lesions, indicating that they are optimal indicators 
of the CIN stage but cannot be found in aneuploid 
TECs. The subtype analysis of aneuploidy revealed that 
triploid, tetraploid, and ≥ pentaploid TCs could distin-
guish between HSIL, cervical cancer, and milder lesions 
and had good clinical value in the diagnosis of  HSIL+, 
especially in terms of specificity. Compared with sub-
types, ≥ pentaploid TCs had preferable sensitivity 
(69.9%), whereas triploid TCs had preferable specificity 

Fig. 5 Distribution of aneuploid TECs at different stages of cervical lesions after discriminating HPV types (A, C). H value: HA = 1.179, HB = 2.426, 
HC = 0.809, HD = 0.354
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(89.4%). However, the sensitivity and specificity of some 
subcategory combinations did not improve.

Previous analyses of cervical cytology focused on DNA 
content measurement, and the aneuploidy of DNA aided 
in the diagnosis of cervical lesions [24, 25]. However, in 
some cells, although the average amount of DNA is close 
to that of diploids, the true diploid regions may be miss-
ing [26]. Conversely, aneuploidy karyotype detection is 
objective. In normal human cells, aneuploidy is rare and 
most autosomal aneuploidy cells are embryonically lethal 
[8]. Strikingly, only tumor cells can maintain or increase 
their proliferation rate when they exhibit aneuploidy. 
Carcinogenic HPV plays a critical role in inducing cervi-
cal cellular aneuploidy, and HPV oncoproteins (especially 

E6 and E7) lead to mitotic defects through mediating cell 
cycle regulation disorders and affecting centrosome rep-
lication and spindle polarity, thus inducing aneuploidy 
[11]. Previous studies have shown that the production 
of tetraploids occurs during early-stage events of cervi-
cal cancer, which predisposes cervical cells to aneuploidy 
[10, 11]. Our findings are similar when aneuploidy pro-
gresses to tetraploidy, the difference in the number of 
aneuploid TCs between LSIL and HSIL begins to make 
sense (Fig.  3A). Women with higher levels of tetraploid 
TCs in exfoliated cervical cells should be our priority for 
follow-up. Moreover, ≥ pentaploidy seems more obvious 
in cervical cancer, suggesting that a higher ploidy level is 
more relevant to the severity of malignancy. Aneuploidy 

Fig. 6 Distribution of aneuploid TC subtypes at different stages of cervical lesions after discriminating HPV types. H value: A HA tri = 10.492, HA 

tetra = 9.787, HA multi = 6.256. B HB tri = 4.538, HB tetra = 7.722, HB multi = 9.629. C HC tri = 4.552, HC tetra = 13.499, HC multi = 14.036. D HD tri = 0.855, HD tetra = 4.331, 
HD multi = 8.682
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is a form of chromosomal instability, and detecting kar-
yotypic alterations provides abundant genetic informa-
tion on tumor progression, which may help us recognize 
the increased invasiveness and aggressiveness of cervical 
cancer. Multiple genome sequencing analyses revealed 
that most of the chromosome arms of cervical cancer 
cells were gained or lost in different proportions [14, 27], 
and additional studies should track karyotype changes 
during tumor progression and after treatment because 
the aneuploid karyotype is associated with tumor evolu-
tion and drug resistance [28].

HPV16 and 18 pose a several-fold greater risk of 
developing high-grade cervical lesions than other 

high-risk HPV infections [29]. Consequently, follow-
up and treatment strategies for HPV16/18-infected 
patients are more aggressive. Our data indicated that 
the stages of aneuploid TC proliferation differ between 
HPV16/18-infected and non-HPV16/18-infected 
patients. Specifically, aneuploid TCs increased mainly 
during LSIL in HPV16/18-infected patients but more 
prominently in HSIL for non-HPV16/18 cases. These 
findings suggest that HPV16/18 infections can progress 
rapidly over a short period, even in LSIL, cells exhibit 
high aneuploidy, potentially progressing to HSIL as it 
often signals malignant potential. However, this con-
clusion requires confirmation through long-term fol-
low-up studies with larger sample sizes. Therefore, 

Fig. 7 Distribution of aneuploid TEC subtypes at different stages of cervical lesions after discriminating HPV types. H value: A HA tri = 1.037, HA 

tetra = 0.054, HA multi = 0.831. B HB tri = 2.555, HB tetra = 1.855, HB multi = 0.925. C HC tri = 0.782, HC tetra = 1.172, HC multi = 0.658. D HD tri = 0.265, HD tetra = 0.233, HD 

multi = 2.961
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Fig. 8 Receiver operating characteristic (ROC) analysis of aneuploid TCs and TECs

Table 2 Optimum cut-off values and their respective sensitivity and specificity

Index cut‑off(per 
10,000)

AUC Sensitivity Specificity P 95%CI

triploid TC 24.73 0.699 45.20% 89.40%  < 0.001 0.619–0.778

tetraploid TC 8.83 0.739 60.30% 80.50%  < 0.001 0.663–0.814

≥ pentaploid TC 1.74 0.724 69.90% 69.90%  < 0.001 0.646–0.802

≥ tetraploid TC 8.74 0.745 71.20% 74.80%  < 0.001 0.670–0.820

aneuploid TC 38.71 0.734 50.70% 87.80%  < 0.001 0.658–0.810

triploid TC-p16/Ki67 + 3.65 0.646 35.60% 64.40% 0.001 0.562–0.730

tetraploid TC-p16/Ki67 + 0.66 0.670 50.70% 78.90%  < 0.001 0.589–0.751

≥ pentaploid TC-p16/Ki67 + 0.36 0.684 46.60% 88.60%  < 0.001 0.602–0.767

≥ tetraploid TC-p16/Ki67 + 1.28 0.668 49.30% 82.10%  < 0.001 0.585–0.752

aneuploid TC-p16/Ki67 + 3.33 0.663 50.70% 81.30%  < 0.001 0.578–0.747

≥ pentaploid TEC 0.35 0.595 37.00% 83.70% 0.026 0.510–0.680

≥ pentaploid TEC-p16/Ki67 + 0.35 0.580 27.40% 89.40% 0.06 0.495–0.665
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aggressive treatment may be more reasonable than con-
servative follow-up for LSIL patients with HPV16/18 
infection.

Furthermore, upon subclassification of aneuploid 
TCs, we found significant differences in the distribution 
of ≥ pentaploid TCs in HSIL were more remarkably pre-
sent in the non-HPV16/18 infection group. This may sug-
gest an intensification of chromosomal instability and a 
worse prognosis with greater malignancy potential dur-
ing future disease progression. Multiple previous studies 
have reported that patients with HPV16/18-infected cer-
vical cancer have a better prognosis than non-HPV16/18-
infected patients, with higher overall survival (OS) and 
progression-free survival (PFS) rates, which may be 
related to the higher sensitivity of HPV16/18-infected 
cervical cancer to radiotherapy and chemotherapy [30, 
31]. Chromosomal instability can lead to the acquisition 
of chemotherapy resistance in tumors. Compared with 
diploid tumors, tetraploid TCs exhibit greater tumo-
rigenicity and are prone to developing resistance to con-
ventional chemotherapeutic drugs [32, 33]. This, to some 
extent, explains why HPV16/18-infected cervical cancer 
are more sensitive to radiotherapy and chemotherapy, 
and we can observe that the growth of tetraploid TCs in 
HSIL was more obvious in the non-HPV16/18-positive 
group, as shown in Fig. 6C. Subclassified aneuploid TCs 
may also serve as independent predictors of chemother-
apy response and prognosis in cervical cancer patients.

Chromosome 8 abnormalities are closely related to the 
occurrence and development of various tumors, many 
cancer-related genes are located on this chromosome, 
especially c-MYC [34, 35]. The amplification of CEP8 has 
been widely used to evaluate hematological tumors and 
various solid tumors [36, 37]. Abnormalities in chromo-
some 8, especially the trisomy of chromosome 8, have 
also been confirmed to exist in cervical cancer patients 
in previous studies [38]. iFISH was mainly introduced for 
detecting circulating TCs and TECs by utilizing CEP8 
probe. Many clinical studies have shown that iFISH 
has great clinical significance in the early diagnosis of 
tumors, the evaluation of curative effects and progno-
sis, and the resistance and recurrence of tumors [21, 22, 
39, 40]. For example, Cheng H et  al. reported that the 
combined detection of triploid and tetraploid circulat-
ing TCs or triploid and tetraploid small-cell circulating 
TCs has high sensitivity and specificity in distinguishing 
ovarian cancer patients from those with benign tumors 
[21]. To the best of our knowledge, this is the first study 
in which the above technique was applied for the detec-
tion of aneuploidy in exfoliated cervical cells, confirming 
the difference in the distribution of chromosome 8 ane-
uploidy and its subclasses in cervical lesions at all stages. 
Previous research on chromosomal changes focused on 

some chromosomal regions, and their sensitivity values 
for the detection of  HSIL+ were better. In contrast, our 
specificity is superior to that of their probe sites (such 
as 3q26&53.3%, 5p15&56.7%, and 20q13&56.7%) [13, 
41], possibly because of the change in the copy number 
of chromosome arms and bands precedes genome-wide 
polyploidy.

p16 and Ki67 are the most frequently used diagnostic 
tumor markers for identifying  HSIL+. Several studies 
have shown that the sensitivity of p16/Ki67 double-stain-
ing for the diagnosis of  HSIL+ is significantly greater than 
that of cervical cytology, although the improvement in 
specificity is not significant [42, 43]. Interestingly, our 
results indicated that p16/Ki67 double-staining had a 
preferable specificity for diagnosing  HSIL+, however, the 
sensitivity was not satisfactory. The differences in these 
results may be attributed to two factors. First, false posi-
tives may occur because p16 is expressed in endometrial 
tubal metaplasia and cervical endometriosis [43]. Second, 
our study only estimated the expression of p16/Ki67 on 
chromosome 8 in aneuploid tumor cells, but omitted 
p16/Ki67+ diploid tumor cells, which were different from 
the number of tumor marker-positive cells reported in 
other studies. Our study also observed some p16/Ki67+ 
diploid cells, therefore, we cannot rely solely on mark-
ers to identify tumor cells via nonmorphological detec-
tion because of the uncertainty of whether these cells are 
normal or have abnormal chromosome structures. Thus, 
additional aneuploidy testing may accurately identify 
tumor cells. Strikingly, E6/E7 play a leading role in the 
formation of aneuploid cervical cells, perhaps they are 
more appropriate as phenotypes to be combined with 
karyotypic detection.

Another focus of our study was aneuploid TECs. 
Unlike normal blood vessels, tumor blood vessels mainly 
consist of abnormal endothelial cells with aneuploid 
chromosomes, which exhibit traits of tumor cells and 
promote tumorigenesis, progression, and metastasis [44, 
45]. CD31 is the marker of endothelial cells. Our data 
revealed that the number of  CD31+ aneuploid TECs 
altered dynamically at different stages of cervical lesions 
and significantly increased in cancerous cells, especially 
those with ≥ pentaploid TECs, suggesting that aneuploid 
TECs support tumor progression. Moreover, the posi-
tive rate of p16/Ki67 aneuploid TECs increased with the 
severity of cervical lesions, although no significant differ-
ence was noted in each subclassification. Interestingly, 
these dynamic changes were similar to those reported 
previously [22]. The diagnostic role of aneuploid TECs is 
not remarkable, whereas the presence of aneuploid TECs 
is crucial for antiangiogenic therapy, as chromosomal 
instability may provide a mechanism to alter endothelial 
cells and render them resistant to drugs [46, 47]. Some 
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researchers have proposed that aneuploid TECs are more 
resistant to chemotherapeutic drugs like vincristine and 
5-fluorouracil than normal endothelial cells [48]. There-
fore, their potential therapeutic value seems promising 
for in-depth investigation.

Limitations
Nevertheless, the present study has several shortcom-
ings. First, the quantity of cells in different samples var-
ies greatly due to the individualized clinical practice of 
sample collection for each patient. Second, although the 
number of aneuploid tumor cells in peripheral blood is 
extremely low in normal subjects, as previously reported 
by others, the existence of aneuploid cells in the cervix 
of a large cohort of non-HPV-infected healthy subjects 
remains to be examined. In addition, whether specific 
subpopulations of aneuploid TCs and TECs and their 
dynamic changes can predict HPV clearance is still 
uncertain. Thus, additional large cohort clinical stud-
ies should be conducted to further optimize and vali-
date aneuploidy and tumor marker-derived biomarkers 
for maximal benefit in the clinical diagnosis of cervical 
lesions.

Conclusions
In this study, iFISH, a novel detection technology, was 
used to detect, characterize, and classify aneuploid TCs 
and TECs in exfoliated cells of cervical lesions. The cur-
rent findings indicate that aneuploid TCs and TECs 
exhibit differences in the quantity, degree, and expres-
sion of tumor markers across all stages of cervical lesions. 
Aneuploid gains were correlated with the severity of 
cervical lesions. Furthermore, the growth of aneuploid 
TCs induced by HPV16/18 infection mainly emerges at 
the early stage compared with that of other HPV types. 
Triploid, tetraploid, and ≥ pentaploid TCs, regardless of 
p16/Ki67 expression, can distinguish  HSIL+ with high 
specificity.
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