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Background: Breast cancer is a malignancy characterized by chromosomal

instability (CIN). This study aimed to examine the potential diagnostic value of

chromosomal instability, detected by low-pass whole-genome sequencing

(LPWGS), in the preoperative evaluation of sentinel lymph node metastasis

(SLNM) in breast cancer.

Methods: A retrospective investigation of clinical records from 29 patients with

breast cancer revealed two distinct groups based on sentinel lymph node biopsy

(SLNB) results: the SLN metastasis group (24 cases) and the SLN non-metastasis

group (five cases). CIN and CIN scores were evaluated using LPWGS. An analysis

of univariate data and binary logistic regression was employed to identify factors

influencing SLNM, and a curve with receiver operating characteristics (ROC) was

constructed to assess the diagnostic utility of CIN in predicting SLNM.

Results: A significant association between the SLNM and CIN high groups was

observed in breast cancer (P=0.011). The CIN score in the metastasis group

(17,665.055 ± 8,630.691) was higher than that in the non-metastasis group

(9,247.973 ± 3,692.873), demonstrating a significant difference (P=0.044).

Univariate binary logistic regression analysis indicated that CIN was a

significant predictor for SLNM (odds ratio: 4.036, 95% CI: 1.015–16.047,

P=0.048). The AUC of CIN for preoperative diagnosis of SLNM was 0.808 (95%

CI: 0.635–0.982, P=0.033), with a sensitivity value of 67.0% and specificity of

100.0% at a threshold of 13,563.
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Conclusion:Detecting CIN through LPWGS demonstrates diagnostic potential in

predicting SLNM in patients with breast cancer before surgery. This approach

offers a novel method for assessing axillary lymph node status in clinical practice.
KEYWORDS

chromosomal instability, low-pass whole-genome sequencing, invasive breast cancer,
sentinel lymph node metastasis, receiver operating characteristics
Introduction

The prevalence of breast cancer has steadily increased over the

past few years. In 2020, breast cancer has become the most common

type of cancer, surpassing lung cancer, posing a substantial threat to

women’s physical and mental well-being (1). The preoperative

assessment of axillary lymph node (ALN) status plays a critical

role in determining the breast cancer stage and guiding surgical

interventions. The sentinel lymph node (SLN), identified as the

initial or group 1 lymph node through which breast cancer must

pass to metastasize to the ALN, is particularly crucial for this

assessment. The incidence of skip metastasis in axillary lymph

nodes is infrequent. Thus, SLN metastasis (SLNM) can provide

more accurate predictions regarding the condition of additional

lymph nodes (2, 3). Currently, SLN biopsy (SLNB) has emerged as

the primary procedure for determining ALN status in patients with

breast cancer (4). Frozen sections or cell blots are often used to

detect SLNM, but they have low sensitivity for identifying

micrometastases (5). Paraffin-embedded tissue sections are the

standard for assessing SLN status, but this process is lengthy,

typically taking 2–5 days to release the report. This delay can

result in increased medical costs and patient anxiety, and some

patients may require secondary surgery (6). Hence, it is imperative

to thoroughly investigate the predictive and evaluative framework

of SLNM in breast cancer before surgery.

Chromosomal instability (CIN), characterized by heightened

occurrences of chromosomal gains or losses during segregation,

leads to alterations in chromosome count and structure (7). Cancer

cells exhibiting CIN demonstrate enhanced adaptability and

metastatic potential (8). CIN is more prevalent in metastatic breast

cancer than in primary breast cancer (9), underscoring its association

withmetastasis (10). Recently, next-generation sequencing (NGS) has

established itself as a viable method for assessing CIN, with low-pass

whole-genome sequencing (LPWGS) being incredibly efficient in

capturing comprehensive genomic changes at a relatively low cost.

Zhu et al. (11) used LPWGS to detect gene changes in formalin-fixed,

paraffin-embedded (FFPE) samples and found that high CIN was

linked to TP53 copy loss and poor prognosis in BRCA1 germline-

mutated breast cancer. In addition, Fitzpatrick et al. (12) showed that
02
ultra-LPWGS technology can detect circulating tumor DNA in the

cerebrospinal fluid of patients with breast cancer and leptomeningeal

metastasis, allowing for accurate evaluation of treatment response.

Recent research predominantly investigates mechanisms

underlying CIN and its impact on the initiation, progression,

treatment, and prognosis of breast cancer (7, 11, 13–20). While

existing evidence has demonstrated a significant correlation between

CIN and tumor metastasis (21), with research predominantly

concentrating on elucidating the molecular mechanisms by which

CIN facilitates cancer cell metastasis (7, 22, 23), clinical studies

investigating CIN as a predictor of SLNM remain limited. Therefore,

the objective of this research is to assess the precision and effectiveness

of CIN detection through LPWGS as a means of predicting SLNM

preoperatively in patients with breast cancer. We hope this

investigation can offer clinicians a novel and dependable preoperative

diagnostic approach, thereby enhancing disease assessment and

ultimately improving patient outcomes and prognosis.
Methods and materials

Study population and samples

A retrospective analysis of clinical data was conducted on 93

patients with invasive breast cancer (IBC) admitted to Yangpu

Hospital Affiliated to Tongji University (Shanghai Yangpu District

Central Hospital). The inclusion criteria required the absence of

SLNM or suspected micrometastases on initial imaging, as well as a

pathologically confirmed diagnosis of IBC. The exclusion criteria

encompassed the following: patients with SLN macrometastasis

identified through imaging studies or those who did not undergo

SLNB due to other factors; patients who had undergone

neoadjuvant chemotherapy prior to surgery; patients with

concurrent malignancies or severe complications; patients with

incomplete data; and patients who declined participation in the

study, or whose samples failed to meet the requisite quality

standards. Furthermore, given the potential progression of ductal

carcinoma in situ (DCIS) to IBC (24–26), this study incorporated

two cases of DCIS in the final analysis to augment the
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representativeness and robustness of the statistical findings.

Following a thorough evaluation of the clinical data and sample

quality from all patients, the samples from 29 patients were

ultimately selected for inclusion in this study for subsequent CIN

detection and analysis (Figure 1). This study received approval from

the Ethics Committee of Yangpu Hospital Affiliated to Tongji

University (Approval code: LL-2021-WSJ-010), and all patients

provided written informed permission.
Collection of clinical and pathological data

The clinical data and postoperative pathological reports of all

patients were collected, including age at diagnosis, histological type,

histological grade of invasive ductal carcinoma, molecular subtype,

estrogen receptor (ER) status, progesterone receptor (PR) status, HER2

and Ki67 status, surgical methods, and postoperative treatment. The

status of patients with HER2 score of “2+” was determined according

to the results of fluorescence in situ hybridization in clinical data. After

examining the hematoxylin and eosin slides, FFPE tissue samples were

collected from the patients for further DNA extraction, sequencing,

and chromosomal instability analysis.
Genomic DNA extraction and
library construction

Genomic DNA (gDNA) was extracted from the sample utilizing

the Amp Genomic DNA Kit (QIAGEN), following the

manufacturer’s protocol. The extracted gDNA sample must

adhere to the following criteria: a total quantity exceeding 10 ng,
Frontiers in Oncology 03
a volume of no less than 20mL, and preservation of integrity with

minimal degradation. A certain amount (5ng-50ng) of gDNA

samples was enzymatically fragmented using the KAPA DNA

Enzymatic Fragmentation Kit to produce DNA fragments with an

average length of 300 base pairs (bp). The enzymatic digestion was

performed following the manufacturer’s protocol to ensure

consistent and accurate fragment sizes.

The fragmented DNA was then constructed into a Library

suitable for high-throughput sequencing using the NEBnext Ultra

II DNA Library Prep Kit for end repair, splice, and amplification.

The finalized libraries were subjected to rigorous quality control

measures, encompassing, but not limited to, the determination of

DNA concentration, analysis of fragment size distribution, and

assessment of library diversity.
Sequencing data processing and
quality control

Approximately 10 million DNA sequences of varying lengths

were acquired through DNA sequencing. The raw image data

generated by the Illumina X10 platform were subsequently

processed through base calling to convert them into serial data,

referred to as raw reads. Before proceeding with further analysis, a

series of rigorous quality control measures were applied to the

original read data. Initially, reads containing joint sequences were

filtered out. Subsequently, paired reads were discarded if the

proportion of ‘N’ bases in single-end sequencing reads exceeded

10% of the read length. Lastly, paired reads were removed if the

number of low-quality bases (quality score less than 5) in single-end

sequencing reads surpassed 50% of the read length. The quality
FIGURE 1

Patient selection overview. IBC, Invasive breast cancer; DCIS, Ductal carcinoma in situ; SLNM, Sentinel lymph node metastasis; SLNB, Sentinel lymph
node biopsy. *Two patients with DCIS were included for the following reason: DCIS is intricately associated with IBC and may serve as a precursor
to invasive malignancies, occasionally co-existing with IBC (24–26). Despite therapeutic interventions, a subset of patients with DCIS eventually
progress to invasive disease (26). Therefore, incorporating DCIS cases into research facilitates a more comprehensive understanding of CIN across
various stages of breast cancer, thereby enhancing the representativeness of the study and the robustness of the statistical analysis.
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control datasets were subjected to statistical analysis and sequence

alignment. The statistical parameters evaluated included read count,

data yield, sequencing error rate, Q20 content (indicating base

accuracy greater than 95%), Q30 content (indicating base accuracy

greater than 99.9%), GC content, among others.

The initial alignment results, in BAM format, were generated by

mapping against the human reference genome (http://

hgdownload.soe.ucsc.edu/goldenPath/hg19/bigZips/) utilizing

BWA (http://bio-bwa.sourceforge.net/bwa.shtml). Subsequently,

the alignment data were sorted using SAMtools (http://

samtools.sourceforge.net/), followed by the marking of duplicate

reads with Picard (http://picard.sourceforge.net/). Finally, the post-

processed alignment results, with duplicates labeled, were employed

for statistical analyses, including coverage and depth assessments.
Analysis of chromosome instability
identified by LPWGS

The cyclic binary segmentation (CBS) algorithm, implemented

in the R package DNAcopy (11, 27), was utilized to identify

significant genomic breakpoints and segments exhibiting copy

number variations. For each sample, a minimum of 10 million

paired-end reads were collected. These readings were compared to

the human reference genome hg19 by BWA, and the average

coverage per 200 kilobase pair dataset of the genome was

determined utilizing the Samtools mpileup software (11, 27). The

average coverage across all data sets was normalized using Equation

(1), yielding the Z-score, which serves as a metric for assessing the

stability of individual chromosomes. A Z-score exceeding 3

indicates amplification, whereas a Z-score below 3 suggests deletion.

coveragenormalized =
coverageraw −mean(coveragecontrols,  raw)

stdev(coveragecontrols,raw)
(1)

Equation (2) was employed to quantify the extent of variation

across the entire genome relative to the human reference genome,

resulting in the calculation of the CIN score. This score was

subsequently utilized to assess the stability of all chromosomes.

Lchr represents the chromosomal segment length, and Zchr

represents the Z-score of the chromosomal segment.

CINscore =oall   chrLchr*Zchr (2)
Statistical analysis

Statistical analysis was accomplished utilizing IBM SPSS version

27.0 and GraphPad Prism version 9.0. Measurement data following

anormal distribution were presented as mean ± standard deviation (x

± s), while count data were represented as numerical values and

percentages. The comparison of measurement data between the two

groups was performed using a t-test for independent samples. Fisher’s

exact test was utilized to analyze categorical variables, and Cramer’s V

was employed to evaluate the correlation strength and direction

between two categorical variables. Variables with a P value less

than 0.05 in the analysis above were considered in a binary logistic
Frontiers in Oncology 04
regression analysis to investigate the determinants influencing SLNM

in breast cancer. A receiver operating characteristic (ROC) curve was

constructed, and the area under the curve (AUC), along with a 95%

confidence interval (CI), was computed to assess the predictive

capability of CIN in identifying SLNM in breast cancer. P< 0.05

was considered statistically significant.
Results

Overview of patients’ clinical data and
general information

This study included 29 subjects, and the clinicopathological

information and molecular profiling results for each patient are

presented in Table 1. The age range of the patients at diagnosis was 30

to 81 years, with an average tumor size of 2.220cm. The primary

pathological types observed were IBC and DCIS. The former included

specific subtypes, such as invasive ductal carcinoma, invasive lobular

carcinoma, invasive micropapillary carcinoma, invasive carcinoma with

neuroendocrine differentiation, and invasive breast cancer with

medullary features. Out of the 29 patients, 24 examined positive for

ER, 22 examined positive for PR, and three examined positive for HER2.

All patients underwent SLNB during the operation. Based on the biopsy

results, the patients were categorized into a metastasis group (SLNM, 24

cases) and a non-metastasis group (SLN without metastasis, five cases).

The selection of appropriate postoperative adjuvant treatment was

determined by the examination outcomes and willingness of the patients.
CIN and its score in 29 breast
cancer patients

In the metastatic group, significant chromosomal copy number

variations are highlighted when comparing the total normalized

coverage per 200 kilobase bin in FFPE samples from patients to

those in the non-metastatic group, as illustrated in Figures 2A, B.

Notably, recurrent aberrations were identified on chromosomes 1, 7, 8,

12, 13, 16, 17, 18, and 20. Additionally, Figure 2C provides a schematic

representation of CIN scores and changes in chromosome arms, with

chromosomes 1q and 8q showing more frequent gains and

chromosomes 12q, 16q, 17p, and 17q showing more frequent losses.

This phenomenon may be associated with CIN signatures, including

chromothripsis amplification, loss of heterozygosity (LOH) (28), and

homologous recombination deficiency (29–31). The appropriate

threshold value was established through the construction of the ROC

curve and the utilization of the Youden index. In this study, a CIN

score threshold of 13,563 was identified as the most effective value for

discriminating between the CIN low and CIN high groups in

predicting SLNM in breast cancer. Specifically, 13 samples were

categorized as belonging to the CIN low group, while the remaining

16 samples were assigned to the CIN high group. As shown in

Figure 2D, the CIN score of the CIN high group (22,226.203 ±

6,831.045) was higher than that of the CIN low group (8,813.996 ±

2,428.643), with a statistically significant difference observed (P< 0.05).
frontiersin.org
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TABLE 1 Clinical and pathological information of 29 patients.

Surgical
approachc

SLNM CIN
score

Postoperative
Treatmentd

MRM Yes Low CT

BCS; ALND Yes High CT

BCS; ALND Yes High CT

BCS Yes High No

SM Yes High CT

BCS Yes High CT

MRM Yes High CT

SM; ALND Yes High ET

SM; ALND Yes Low CT

BCS Yes High ET

BCS Yes High CT

BCS; ALND Yes Low CT

SM; ALND Yes High CT+RT

Lumpectomy Yes Low CT

MRM Yes High ET

SM; ALND Yes Low ET

MRM Yes High CT+ET

BCS; ALND Yes High CT

BCS Yes Low ET+RT

SM; ALND Yes High CT

SM; ALND Yes Low CT

BCS; ALND Yes Low CT

BCS; ALND Yes High ET+RT

BCS; ALND Yes High CT

BCS No Low NA

BCS No Low NA
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Sample
ID

Age
of

diagnosis

Tumor
size (cm)

Histologic
typea

Histologic
grade

ER PR HER2 Ki67 Molecular
typeb

1 64 1.6 IDC I + + – <14% Luminal A

2 66 3.0 IDC II + + + <14% Luminal B

3 40 1.3 IDC III – – – >30% TNBC

4 46 1.5 IDC II + + – >14% Luminal B

5 68 2.0 IDC II + + – <14% Luminal A

6 30 1.2 ILC Other + + – >30% Luminal B

7 64 4.0 IDC II + – – >14% Luminal B

8 79 2.6 ILC Other + + – <14% Luminal A

9 37 5.0 IDC II + + – >30% Luminal B

10 80 1.6 IDC I + + – <14% Luminal A

11 61 1.5 IDC I + + – <14% Luminal A

12 44 5.0 IMC Other + + – >14% Luminal B

13 58 1.0 IDC II + + – >20% Luminal B

14 49 1.5 IDC II + + – <14% Luminal A

15 72 1.8 IDC II + + – <14% Luminal A

16 73 2.2 IDC II + + – >14% Luminal B

17 64 2.5 NC Other + + – <14% Luminal A

18 69 2.2 IDC II – – + 70% Over-HER2

19 81 1.5 IDC I + + – 15% Luminal B

20 73 3.0 IDC II + + + 15% Luminal B

21 54 3.5 IDC III – – – 65% TNBC

22 51 3.5 IDC II + + – 12% Luminal A

23 71 1.5 ILC Other + + – 8% Luminal A

24 71 1.5 IMC Other + + – 5% Luminal A

25 68 0.9 DCIS Other + + – 5% Luminal A

26 80 1.5 IDC I + + – 15% Luminal B
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Associations between the general
condition of patients and CIN score

Table 2 demonstrates that the CIN score exhibited a statistically

significant association with SLNM in breast cancer (P=0.011), while

no statistically significant associations were identified with age,

tumor size, histological grade, Ki67, ER, PR, HER2, molecular

subtype, and chromosome arm changes. The correlation

coefficient Cramer’s V between CIN score and SLNM was

calculated to be 0.506 (P=0.011), indicating a relatively strong

association (Table 3). We proceeded to examine the correlation

between CIN score and SLNM based on these findings.
The predictive value of CIN score for SLNM
in breast cancer before operation

It is imperative to investigate the potential correlation between

the patient’s general conditions and SLNM while controlling for

confounding variables to enhance the validity and precision of

the research.

As shown in Table 4, SLNM of breast cancer was correlated with

the CIN score (P=0.011) and chromosome arm changes (P=0.048)

but not with age, tumor size, histological grade, ER, PR, HER2,

Ki67, or molecular subtype. The correlation coefficient Cramer’s V

for SLNM and CIN score was 0.506 (P=0.011), indicating a

relatively strong association. Conversely, the Cramer’s V for

SLNM and chromosome arm changes was 0.411 (P=0.027),

suggesting a statistically noteworthy but relatively weak

correlation (Table 5). Based on the findings from the

aforementioned analysis, variables with statistical differences —

CIN score and chromosome arm changes — were further

analyzed using univariate binary logistic regression analysis. As

shown in Table 6, the CIN score was an important factor affecting

SLNM of breast cancer (odds ratio (OR): 4.036, 95%CI: 1.015–

16.047, P=0.048). No statistical significance was observed between

chromosome arm changes and SLNM.

Based on the findings of SLNB, patients were grouped according

to the existence or lack of metastasis. Microscopic images depicting

SLNmetastasis and non-metastasis are presented in Figures 3A, B. As

shown in Figure 3C, the CIN score of the metastasis group

(17,665.055 ± 8,630.691) was notably greater compared with that of

the non-metastasis group (9,247.973 ± 3,692.873), demonstrating a

significant difference (P=0.044). The ROC curve was utilized to assess

the efficacy of CIN in predicting SLNM in breast cancer. At a CIN

score cut-off of 13,563, the AUC was determined to be 0.808 (95%CI:

0.635–0.982, P=0.033), with a sensitivity of 0.670 and a specificity of

1.000 (Figure 3D). The results indicate that the CIN score

demonstrates favorable diagnostic performance in predicting SLNM.
Discussion

Prior research has indicated that 89% of patients with invasive

breast cancer exhibit CIN, implying its potential utility in diagnosis

and treatment (7). Furthermore, LPWGS offers advantages, such as
T
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comprehensive genome coverage and sensitivity for detecting

significant DNA alterations (11), and it has been utilized to

evaluate the connection between overall genome status and the

diagnosis, recurrence, and prognosis of tumors (11, 27, 32, 33). Our

study identified CIN in patients with breast cancer using LPWGS

and assessed the diagnostic utility of CIN for the preoperative

prediction of SLNM. Our analysis revealed a significant correlation

between the CIN score and SLNM (P=0.011), indicating that the

CIN score is a crucial determinant of SLNM in patients with breast

cancer. The OR for this association was 4.036, with a 95% CI

ranging from 1.015 to 16.047, and a P-value of 0.048. The CIN score

of metastasis group (17 665.055 ± 8 630.691) was significantly

higher than that of non-metastasis group (9 247.973 ± 3 692.873)

(P=0.044). At a CIN score cut-off of 13,563, the AUC for CIN in

predicting SLNM was 0.808, indicating a relatively high level of

diagnostic accuracy. Specifically, the diagnostic sensitivity of CIN

reached 67.0%, with a specificity of 100%, demonstrating significant

diagnostic value. Furthermore, a comparative analysis with the non-

metastatic group revealed that the copy number coverage chart
Frontiers in Oncology 07
exhibited significant variations in chromosome copy numbers

within the metastatic group. Notably, chromosomal aberrations

were frequently observed on chromosomes 1, 7, 8, 12, 13, 16, 17, 18,

and 20. In clinical practice, CIN status can be identified by LPWGS

after precise biopsy sampling. Research suggests that CIN could be

widely utilized in the preoperative assessment of axillary lymph

node status.

The degree of CIN in metastatic breast cancer is greater than that

in primary breast cancer (9). Our research demonstrated that the CIN

score significantly influenced the likelihood of SLNM in patients with

breast cancer (OR: 4.036, 95%CI: 1.015-16.047, P =0.048) (Table 6).

Individuals in the CIN high group exhibited a greater risk of SLNM

than those in the CIN low group. Moreover, the AUC for CIN in

predicting SLNM was 0.808, indicating a relatively high level of

diagnostic accuracy (Figure 3D). These findings indicate that

assessing CIN through LPWGS could serve as a valuable method to

predict SLNM in patients with breast cancer. Bakhoum et al. (23)

discovered that CIN facilitates metastasis by enabling an independent

reaction of tumor cells to cytoplasmic DNA. Mistakes in the
FIGURE 2

(A) Chromosome copy number coverage chart in the non-metastatic group. The non-metastatic group did not exhibit significant chromosomal
alterations. (B) Chromosome copy number coverage chart in the metastatic group. Chromosomal aberrations were more frequently observed in the
samples from the metastatic group as compared to the non-metastatic group. Notably, recurrent aberrations were identified on chromosomes 1, 7,
8, 12, 13, 16, 17, 18, and 20. In the copy number coverage chart, the alternating black and green colors facilitate the differentiation between various
chromosomes, while the red line indicates the median value. (C) CIN score and chromosome arm changes of 29 patients. Chromosomal regions 1q
and 8q exhibited a higher incidence of gains, whereas regions 12q, 16q, 17p, and 17q demonstrated a greater frequency of losses. (D) Comparison of
CIN scores between CIN high group and CIN low group. ****P < 0.0001.
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TABLE 2 Single parameter analysis of multiple clinicopathological
factors between CIN High and CIN Low groups.

Variable

CIN score

c2 P
valueLow

(n=13)
High
(n=16)

Age – 0.270

≤60 6 (46.2) 4 (25.0)

>60 7 (53.8) 12 (75.0)

Tumor size/cm – 1.000

≤2.5 9 (69.2) 12 (75.0)

>2.5 4 (30.8) 4 (25.0)

Histologic
grade

1.062 0.936

1 3 (23.1) 2 (12.5)

2 5 (38.5) 8 (50.0)

3 1 (7.7) 1 (6.3)

Other 4 (30.8) 5 (31.3)

ER – 0.632

Positive 10 (76.9) 14 (87.5)

Negative 3 (23.1) 2 (12.5)

PR – 0.667

Positive 9 (69.2) 13 (81.3)

Negative 4 (30.8) 3 (18.8)

HER2 – 0.232

Positive 0 (0.0) 3 (18.8)

Negative 13 (100.0) 13 (81.3)

Ki67 – 0.715

<14% 6 (46.2) 9 (56.3)

≥14% 7 (53.8) 7 (43.8)

Molecular type 2.916 0.417

Luminal A 4 (30.8) 8 (50.0)

Luminal B 6 (46.2) 6 (37.5)

Over-HER2 0 (0.0) 1 (6.3)

TNBC 3 (23.1) 1 (6.3)

changes of CA – 0.061

Yes 3 (23.1) 10 (62.5)

No 10 (76.9) 6 (37.5)

SLNM – 0.011

Yes 8 (61.5) 16 (100.0)

No 5 (38.5) 0 (0.0)
F
rontiers in Onco
logy
- calculated by Fisher’s exact test.
CA, Chromosome arms; TNBC, Triple Negative Breast Cancer; Over-HER2,
HER2 overexpression.
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TABLE 3 Correlation analysis of clinicopathological factors between CIN
high and low groups.

Variable
CIN score

Cramer's V P value

Age 0.221 0.270

Tumor size/cm 0.064 1.000

Histologic grade 0.155 0.936

ER 0.139 0.632

PR 0.140 0.667

HER2 0.306 0.232

Ki67 0.100 0.715

Molecular type 0.325 0.417

changes of CA 0.394 0.061

SLNM 0.506 0.011
TABLE 4 Single parameter analysis of multiple clinicopathological
factors between metastasis and non-metastasis groups.

Variable

Sentinel lymph
node metastasis c2 P value

No (n=5) Yes (n=24)

Age – 0.633

≤60 1 (20.0) 9 (37.5)

>60 4 (80.0) 15 (62.5)

Tumor size/cm – 0.283

≤2.5 5 (100.0) 16 (66.7)

>2.5 0 (0.0) 8 (33.3)

Histologic grade 2.789 0.412

1 1 (20.0) 4 (16.7)

2 1 (20.0) 12 (50.0)

3 0 (0.0) 2 (8.3)

Other 3 (60.0) 6 (25.0)

ER – 0.195

Positive 3 (60.0) 21 (87.5)

Negative 2 (40.0) 3 (12.5)

PR – 0.075

Positive 2 (40.0) 20 (83.3)

Negative 3 (60.0) 4 (16.7)

HER2 – 1.000

Positive 0 (0.0) 3 (12.5)

Negative 5 (100.0) 21 (87.5)

(Continued)
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segregation of chromosomes lead to an accumulation of micronuclei,

which release genomic DNA into the cytoplasm. This process triggers

the stimulation of the cGAS-STING (cGMP-AMP synthetase

stimulator of IFN genes) cytoplasm DNA-sensing pathway and

subsequent noncanonical NF-kB signaling (23). This signaling results

in upregulating inflammatory and EMT genes essential to metastasis.

The authors’ demonstration of the significant delay in metastasis

through the inhibition of CIN, as well as the promotion of cell

invasion and metastasis through persistent segregation errors,
Frontiers in Oncology 09
establishes a causal relationship between CIN and metastasis. This

suggests that CIN acts as the primary driver of metastasis (23). Our

study extends prior research findings and is dedicated to the translation

of pre-clinical research into practical applications. Utilizing this

evaluative methodology, we aim to enhance the accuracy of

preoperative diagnosis of SLNM in patients with breast cancer,

thereby contributing to the advancement of more personalized and

efficacious treatment strategies.

In the present study, despite the inclusion of only two cases of

triple-positive breast cancer (TPBC)—characterized by the

concurrent positivity of ER, PR, and HER2, and classified as the

luminal B molecular subtype—these patients demonstrated

exceptionally high CIN scores and exhibited significant

chromosomal abnormalities (Figure 2C). Luminal B type tumors

constitute approximately 15-20% of breast cancer cases and, in

comparison to luminal A type, generally display a more aggressive

phenotype, elevated histological grade, and less favorable prognosis

(34, 35). Camargo et al. (36) identified that patients with luminal B

type breast cancer frequently exhibit moderate levels of CIN and

stable aneuploidy, both of which are correlated with

lymphovascular invasion. Notably, within their cohort, the sole

patient characterized as TNBC demonstrated a high degree of CIN

(36). Regarding chromosomal alterations, existing studies have

demonstrated that in ER+ and HER2+ breast cancers, recurrent

arm-level events observed in metastatic tumors, as compared to

primary tumors, are predominantly clonal (21). Furthermore,

Tousled-like kinase 2 (TLK2), a cell cycle-regulating kinase,

exhibits a higher frequency of amplification in luminal B breast

cancer (37). The overexpression of TLK2 has been shown to

augment the invasiveness of breast cancer cells (37). However, the

limited sample size in this study precluded a more detailed

examination of the specific associations underlying these

observations. Future research should aim to increase the sample

size to facilitate a more comprehensive investigation of the

relationship between CIN and TPBC, as well as to elucidate the

potential molecular mechanisms involved.

Prior research has demonstrated that breast cancer genomes

typically display tetraploidy or near-triploidy (38), along with

quantitative and intricate structural chromosomal abnormalities

and alterations in fragment copy numbers (39). Research has

identified chromosomal deletions in breast cancer, notably in

regions, such as 1p, 3p, 8p, 11q, 13q, 16q, 17p, and 17q, while

amplification is prevalent in chromosome 1q, 8q, 11q, and 17q

regions (13). For example, Goh et al. (40) demonstrated that

chromosomal 1q21.3 amplification is prevalent in breast cancer,

occurring in 10–30% of initial lesions and over 70% of recurrent

and metastatic lesions. Their analysis revealed a strong association
TABLE 5 Correlation analysis of clinicopathological factors between the
metastatic group and the non-metastatic group.

Variable
Sentinel lymph node metastasis

Cramer's V P value

Age 0.139 0.633

Tumor size/cm 0.282 0.283

Histologic grade 0.317 0.482

ER 0.275 0.195

PR 0.383 0.075

HER2 0.155 0.622

Ki67 0.076 1.000

Molecular type 0.366 0.431

changes of CA 0.411 0.027

CIN score 0.506 0.011
TABLE 6 Univariate binary logistic regression analysis of influencing
SLNM in breast cancer.

Variable OR(95%CI) 95%CI P value

changes of CA 1.3618E-9 – 0.999

CIN scorea 4.036 1.015, 16.047 0.048
aCIN score: the data were log10 transformed and standardized to improve the prediction
ability of the model and enhance the stability of the algorithm.
TABLE 4 Continued

Variable

Sentinel lymph
node metastasis c2 P value

No (n=5) Yes (n=24)

Ki67 – 1.000

<14% 3 (60.0) 12 (50.0)

≥14% 2 (40.0) 12 (50.0)

Molecular type 3.776 0.331

Luminal A 1 (20.0) 11 (45.8)

Luminal B 2 (40.0) 10 (41.7)

Over-HER2 0 (0.0) 1 (4.2)

TNBC 2 (40.0) 2 (8.3)

changes of CA – 0.048

Yes 0 (0.0) 13 (54.2)

No 5 (100.0) 11 (45.8)

CIN score – 0.011

High 0 (0.0) 16 (66.7)

Low 5 (100.0) 8 (33.3)
- calculated by Fisher’s exact test.
CA, Chromosome arms; TNBC, Triple Negative Breast Cancer; Over-HER2,
HER2 overexpression.
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between this chromosomal amplification and aberrant gene

expression, suggesting a potential involvement in the metastatic

progression of breast cancer (40). Similarly, our study indicated a

higher prevalence of gains in chromosome arms 1q and 8q, as well as

losses in chromosome arms 12q, 16q, 17p, and 17q within the

metastatic group (Figures 2A–C). Furthermore, alterations in

specific genes may initiate or enhance CIN, thereby influencing the

metastatic progression of cancer (7). For instance, mutations in the

TP53 gene on 17p and the C-myc gene on 8q have the potential to

induce CIN (41–43). Huo et al. (44) demonstrated that SIRT7 on 17q

facilitates breast cancer metastasis through the SIRT7/LAP2a
signaling pathway. Similarly, the upregulation of MASTL on 10p in

breast cancer is intricately linked to the progression of the disease (45,

46). Research conducted by Rogers et al. provides additional evidence

that the upregulation of MASTL may be crucial in breast cancer

progression. This upregulation results in disruptions in chromosome

segregation, and an increase in micronucleus formation by disrupting

the timing of mitotic exit, ultimately exacerbating CIN and

facilitating the invasion and metastasis of tumors (47). Due to

constraints imposed by the sample size, further investigation is

required to elucidate the precise relationship between alterations in

these specific chromosome arms and SLNM in breast cancer.
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Our study primarily examined the correlation between SLNM

and CIN and assessed the preoperative predictive efficacy of CIN for

SLNM in breast cancer. However, the study has some limitations.

First, the study’s focus was primarily on clinicopathological

features and genomic testing for breast cancer. However, it is

important to note that imaging techniques can also offer crucial

information on the biological characteristics of breast cancer and

the metastatic process. Furthermore, this study’s retrospective

nature, limited sample size, and challenges in obtaining

comprehensive clinical data from patients may have impacted the

outcomes of the study.

In summary, the current study utilized the LPWGS to quantify

CIN and identified it as a significant factor influencing SLNM in

breast cancer. CIN demonstrates promising diagnostic utility in

predicting SLNM and may serve as a helpful indicator for the

preoperative assessment of SLNM in breast cancer. This discovery

offers a novel approach for clinicians to assess axillary lymph node

status preoperatively, enhancing diagnostic accuracy and advancing

breast cancer diagnosis and treatment. Future research should

consider enlarging sample sizes and conducting prospective

multicenter studies to further assess the diagnostic efficacy of CIN

in predicting SLNM in breast cancer prior to surgery.
FIGURE 3

(A) Microscopic schematic of SLN in the non-metastatic group. (B) Microscopic schematic of SLN in the metastatic group. (C) Comparison of CIN
scores between the SLN metastasis group (M) and non-metastasis group (non-M). (D) Performance of CIN score in preoperative prediction of SLNM
in breast cancer. *P < 0.05.
frontiersin.org

https://doi.org/10.3389/fonc.2024.1434526
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Zheng et al. 10.3389/fonc.2024.1434526
Data availability statement

The data presented in the study are deposited in the Genome

Sequence Archive repository, https://ngdc.cncb.ac.cn/gsa-human/

browse/HRA008309.
Ethics statement

The studies involving humans were approved by the Ethics

Committee of Yangpu Hospital Affiliated with Tongji University

(Shanghai Yangpu District Central Hospital). The studies were

conducted in accordance with the local legislation and

institutional requirements. The participants provided their written

informed consent to participate in this study.
Author contributions

JZ: Data curation, Formal analysis, Methodology, Writing –

original draft. FX: Data curation, Formal analysis, Methodology,

Writing – original draft. GL: Formal analysis, Writing – original

draft. ML: Project administration, Writing – review & editing. HH:

Conceptualization, Formal analysis, Funding acquisition, Project

administration, Supervision, Writing – review & editing.
Frontiers in Oncology 11
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. This work

was supported by Project of Shanghai Municipal Health Commission

(No.202140232), Climb Plan of Yangpu Hospital Affiliated to Tongji

University (No.Ye2202105) and Project of College-level Key Discipline

of Yangpu Hospital Affiliated to Tongji University (No.2023YJXK01).

Acknowledgments

We thank Editage (http://www.editage.cn) for its linguistic

assistance during the preparation of this manuscript.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
References
1. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al. Global
cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for
36 cancers in 185 countries. CA Cancer J Clin. (2021) 71:209–49. doi: 10.3322/
caac.21660

2. Jansen L, Doting MH, Rutgers EJ, de Vries J, Olmos RA, Nieweg OE. Clinical
relevance of sentinel lymph nodes outside the axilla in patients with breast cancer. Br J
Surg. (2000) 87:920–5. doi: 10.1046/j.1365-2168.2000.01437.x

3. Lee AH, Ellis IO, Pinder SE, Barbera D, Elston CW. Pathological assessment of
sentinel lymph-node biopsies in patients with breast cancer. Virchows Arch. (2000)
436:97–101. doi: 10.1007/PL00008220

4. Latosinsky S, Dabbs K, Moffat F. Canadian Association of General Surgeons and
American College of Surgeons Evidence-Based Reviews in Surgery. 27. Quality-of-life
outcomes with sentinel node biopsy versus standard axillary treatment in patients with
operable breast cancer. Randomized multicenter trial of sentinel node biopsy versus
standard axillary treatment in operable breast cancer: the ALMANAC Trial. Can J Surg.
(2008) 51:483–5.

5. van de Vrande S, Meijer J, Rijnders A, Klinkenbijl JH. The value of intraoperative
frozen section examination of sentinel lymph nodes in breast cancer. Eur J Surg Oncol.
(2009) 35:276–80. doi: 10.1016/j.ejso.2008.07.016

6. Klingler S, Marchal F, Rauch P, Kenouchi O, Chrétien AS, Genin P, et al. Using
one-step nucleic acid amplification (OSNA) for intraoperative detection of lymph node
metastasis in breast cancer patients avoids second surgery and accelerates initiation of
adjuvant therapy. Ann Oncol. (2013) 24:2305–9. doi: 10.1093/annonc/mdt160

7. Liao YY, Cao WM. The progress in our understanding of CIN in breast cancer
research. Front Oncol. (2023) 13:1067735. doi: 10.3389/fonc.2023.1067735

8. Gao C, Su Y, Koeman J, Haak E, Dykema K, Essenberg C, et al. Chromosome
instability drives phenotypic switching to metastasis. Proc Natl Acad Sci U.S.A. (2016)
113:14793–8. doi: 10.1073/pnas.1618215113

9. Carter SL, Eklund AC, Kohane IS, Harris LN, Szallasi Z. A signature of
chromosomal instability inferred from gene expression profiles predicts clinical
outcome in multiple human cancers. Nat Genet. (2006) 38:1043–8. doi: 10.1038/ng1861
10. Nguyen B, Fong C, Luthra A, Smith SA, DiNatale RG, Nandakumar S, et al.
Genomic characterization of metastatic patterns from prospective clinical sequencing
of 25,000 patients. Cell. (2022) 185:563–575.e511. doi: 10.1016/j.cell.2022.01.003

11. Zhu L, Pan J-N, Qian Z, Ye W-W, Wang X-J, Cao W-M. High chromosome
instability identified by low-pass whole-genome sequencing assay is associated with
TP53 copy loss and worse prognosis in BRCA1 germline mutation breast cancer. Breast
Cancer. (2021) 29:103–13. doi: 10.1007/s12282-021-01286-1

12. Fitzpatrick A, Iravani M, Mills A, Childs L, Alaguthurai T, Clifford A, et al.
Assessing CSF ctDNA to improve diagnostic accuracy and therapeutic monitoring in
breast cancer leptomeningeal metastasis. Clin Cancer Res. (2022) 28:1180–91.
doi: 10.1158/1078-0432.CCR-21-3017
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18. Castellanos G, Valbuena DS, Pérez E, Villegas VE, Rondón-Lagos M.
Chromosomal instability as enabling feature and central hallmark of breast cancer.
Breast Cancer (Dove Med Press). (2023) 15:189–211. doi: 10.2147/BCTT.S383759
frontiersin.org

https://ngdc.cncb.ac.cn/gsa-human/browse/HRA008309
https://ngdc.cncb.ac.cn/gsa-human/browse/HRA008309
http://www.editage.cn
https://doi.org/10.3322/caac.21660
https://doi.org/10.3322/caac.21660
https://doi.org/10.1046/j.1365-2168.2000.01437.x
https://doi.org/10.1007/PL00008220
https://doi.org/10.1016/j.ejso.2008.07.016
https://doi.org/10.1093/annonc/mdt160
https://doi.org/10.3389/fonc.2023.1067735
https://doi.org/10.1073/pnas.1618215113
https://doi.org/10.1038/ng1861
https://doi.org/10.1016/j.cell.2022.01.003
https://doi.org/10.1007/s12282-021-01286-1
https://doi.org/10.1158/1078-0432.CCR-21-3017
https://doi.org/10.20892/j.issn.2095-3941.2020.0028
https://doi.org/10.20892/j.issn.2095-3941.2020.0028
https://doi.org/10.1158/2767-9764.CRC-22-0302
https://doi.org/10.1007/s10549-010-1026-5
https://doi.org/10.1126/scitranslmed.abd4811
https://doi.org/10.1126/scitranslmed.abd4811
https://doi.org/10.1158/0008-5472.CAN-10-3667
https://doi.org/10.2147/BCTT.S383759
https://doi.org/10.3389/fonc.2024.1434526
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Zheng et al. 10.3389/fonc.2024.1434526
19. Zhang W, Mao JH, Zhu W, Jain AK, Liu K, Brown JB, et al. Centromere and
kinetochore gene misexpression predicts cancer patient survival and response to
radiotherapy and chemotherapy.Nat Commun. (2016) 7:12619. doi: 10.1038/ncomms12619

20. Vaidyanathan S, Thangavelu PU, Duijf PH. Overexpression of Ran GTPase
Components Regulating Nuclear Export, but not Mitotic Spindle Assembly, Marks
Chromosome Instability and Poor Prognosis in Breast Cancer. Target Oncol. (2016)
11:677–86. doi: 10.1007/s11523-016-0432-y

21. Watkins TBK, Lim EL, Petkovic M, Elizalde S, Birkbak NJ, Wilson GA, et al.
Pervasive chromosomal instability and karyotype order in tumour evolution. Nature.
(2020) 587:126–32. doi: 10.1038/s41586-020-2698-6

22. Li J, Hubisz MJ, Earlie EM, Duran MA, Hong C, Varela AA, et al. Non-cell-
autonomous cancer progression from chromosomal instability. Nature. (2023)
620:1080–8. doi: 10.1038/s41586-023-06464-z

23. Bakhoum SF, Ngo B, Laughney AM, Cavallo JA, Murphy CJ, Ly P, et al.
Chromosomal instability drives metastasis through a cytosolic DNA response. Nature.
(2018) 553:467–72. doi: 10.1038/nature25432

24. Petridis C, Brook MN, Shah V, Kohut K, Gorman P, Caneppele M, et al. Genetic
predisposition to ductal carcinoma in situ of the breast. Breast Cancer Res. (2016) 18:22.
doi: 10.1186/s13058-016-0675-7

25. Wilson GM, Dinh P, Pathmanathan N, Graham JD. Ductal carcinoma in situ:
molecular changes accompanying disease progression. J Mammary Gland Biol
Neoplasia. (2022) 27:101–31. doi: 10.1007/s10911-022-09517-7

26. Lips EH, Kumar T, Megalios A, Visser LL, Sheinman M, Fortunato A, et al.
Genomic analysis defines clonal relationships of ductal carcinoma in situ and recurrent
invasive breast cancer. Nat Genet. (2022) 54:850–60. doi: 10.1038/s41588-022-01082-3

27. Zeng S, Ying Y, Xing N, Wang B, Qian Z, Zhou Z, et al. Noninvasive detection of
urothelial carcinoma by cost-effective low-coverage whole-genome sequencing from
urine-exfoliated cell DNA. Clin Cancer Res. (2020) 26:5646–54. doi: 10.1158/1078-
0432.CCR-20-0401

28. Cai Y, Crowther J, Pastor T, Abbasi Asbagh L, Baietti MF, De Troyer M, et al.
Loss of chromosome 8p governs tumor progression and drug response by altering lipid
metabolism. Cancer Cell. (2016) 29:751–66. doi: 10.1016/j.ccell.2016.04.003

29. Steele CD, Abbasi A, Islam SMA, Bowes AL, Khandekar A, Haase K, et al.
Signatures of copy number alterations in human cancer. Nature. (2022) 606:984–91.
doi: 10.1038/s41586-022-04738-6

30. Drews RM, Hernando B, Tarabichi M, Haase K, Lesluyes T, Smith PS, et al. A
pan-cancer compendium of chromosomal instability. Nature. (2022) 606:976–83.
doi: 10.1038/s41586-022-04789-9

31. Liu C, Srihari S, Lal S, Gautier B, Simpson PT, Khanna KK, et al. Personalised
pathway analysis reveals association between DNA repair pathway dysregulation and
chromosomal instability in sporadic breast cancer. Mol Oncol. (2016) 10:179–93.
doi: 10.1016/j.molonc.2015.09.007

32. Zhou H, Wang XJ, Jiang X, Qian Z, Chen T, Hu Y, et al. Plasma cell-free DNA
chromosomal instability analysis by low-pass whole-genome sequencing to monitor
breast cancer relapse. Breast Cancer Res Treat. (2019) 178:63–73. doi: 10.1007/s10549-
019-05375-w
Frontiers in Oncology 12
33. Al-Jumaan M, Chu H, Alsulaiman A, Camp SY, Han S, Gillani R, et al. Interplay
of Mendelian and polygenic risk factors in Arab breast cancer patients. Genome Med.
(2023) 15:65. doi: 10.1186/s13073-023-01220-4

34. Tran B, Bedard PL. Luminal-B breast cancer and novel therapeutic targets.
Breast Cancer Res. (2011) 13:221. doi: 10.1186/bcr2904

35. Creighton CJ. The molecular profile of luminal B breast cancer. Biologics. (2012)
6:289–97. doi: 10.2147/btt.S29923

36. Camargo-Herrera V, Castellanos G, Rangel N, Jiménez-Tobón GA, Martıńez-
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