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Risk model based on minichromosome maintenance
2 using objective assessment for predicting
survival of neuroblastoma

Liang Zeng,1,5,* Xiao-Yun Liu,2,5 Lei Miao,3,5 Kai Chen,1 Hui Xu,1 Liang-JunQin,1 Meng Li,3 Kai Liu,4 Jiahao Feng,4

and Hai-Yun Wang1,3,6,*

SUMMARY

Aberrant minichromosome maintenance (MCM) expression is associated with
tumorigenesis. Here, we performed immunohistochemistry integrated with digi-
tal pathology to identify MCM2/5/6 expression in 130 neuroblastoma patients.
A risk scorewas established using least absolute shrinkage and selection operator
that predicts outcomes according toMCM2expression, age, and the International
Neuroblastoma Staging System in the Therapeutically Applicable Research to
Generate Effective Treatments (TARGET) dataset (n = 150), where the patients
with high risk had significantly worse prognosis that was validated in a hospital-
based cohort (n = 130). After multivariable adjustment, the risk model remained
an independent factor for survival in the TARGET cohort (overall survival [OS]:
hazard ratio [HR] 2.3, 95% confidence interval [CI] 1.4–4.0; event-free survival
[EFS]: HR 1.8, 95% CI 1.1–3.1) and for OS in the validation cohort (HR 8.3, 95%
CI 1.6–44.5). The ESTIMATE indicates that the risk model is negatively correlated
with lowESTIMATEand stromal scores. Thesefindings showtheadditivenatureof
this score, fostering its future implementation with new prognostic variables.

INTRODUCTION

Neuroblastoma (NB), an embryonal tumor, arises in the neuroectoderm and accounts for approximately

15% of all cancer-related deaths in the pediatric population.1 The heterogeneous biology of NB commonly

manifests as diverse clinical presentations and courses ranging from spontaneous regression to life-threat-

ening metastasizing progression, even at the same clinical stage and with the application of intensive

therapy.2 Moreover, there is a high frequency of metastatic disease at the time of diagnosis. Despite

multimodal anticancer therapies implemented in clinics combining surgery with chemotherapy, radio-

therapy, and anti-disialoganglioside (GD2)monoclonal antibody (mAb)-based immunotherapy, overall sur-

vival rates remain quite abysmal, especially for NB patients with high-risk disease defined by clinical factors

and tumor biology associated with relapse/metastasis, with a poor survival of approximately 50% at 5

years3,4 To date, the current risk classification is limited by spatiotemporal heterogeneity, and optimal bio-

markers are urgently needed. Thus, identifying reliable biomarkers for optimizing the prognosis and in-

forming treatment strategies in the future is imperative.

The minichromosome maintenance (MCM) complex consists of six highly conserved proteins (MCM2–7)

that interact to form a hexamer5 and directly plays a considerable role in the initiation of DNA replication.

MCMs are expressed only during the cell cycle and are therefore considered useful as proliferation

markers. Not surprisingly, dysregulation of MCM expression is observed in many human cancers5,6 and

has been identified as being associated with carcinogenesis. For example, patients with oral squamous

cell carcinoma7 and cervical carcinoma8 have increased expression of MCM2. In addition, MCM4 and

MCM7 are reported to be better biomarkers than Ki-67 for esophageal adenocarcinoma and precancerous

lesions. Another study showed that deregulated MCM7 expression may actively contribute to tumor

formation, progression, and malignant conversion.9

Nevertheless, there are few investigations on the prognostic value of the MCM complex for NB patients.

Accordingly, we first constructed a prognostic risk model using the Therapeutically Applicable Research

to Generate Effective Treatments (TARGET) dataset and validated it using our dataset, whereby the
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expression of MCM2/5/6 based on digital pathology was analyzed in a large sample of 130 NB patients to

assess NB patient overall survival (OS) and event-free survival (EFS). Then, we explored the relationship be-

tween the prognostic risk model and the Estimation of STromal and Immune cells in MAlignant

Tumor tissues using Expression data (ESTIMATE) score in NB, which may provide more information for

developing a risk model capable of prognostication and a new clue for the targeted immunotherapy.

RESULTS

Patient characteristics

A total of 130 NB patients were enrolled in this study. The 3-year OS and EFS were 79.8% (70.8–86.3%) and

57.7% (47.9–66.3%), respectively, and the 5-year OS and EFS were 73.3% (59.5–83.1%) and 52.1% (40.0–

63.0%), respectively, in the 130 NB patients. All patients were followed up (median: 910 days, range: 18–

3047 days). Clinical features, including age, sex, International Neuroblastoma Staging System (INSS),

and the Children’s Oncology Group (COG), are summarized in Table 1.

Table 1. Clinicopathological characteristics of neuroblastoma patients in the GWCMC cohort

Variable All cases (n = 130)

Age, months

<18 69 (53.1)

R18 61 (46.9)

Sex

Female 58 (44.6)

Male 72 (55.4)

Pathological grade

Well differentiated 23 (17.7)

Undifferentiated or poorly differentiated 102 (78.4)

Unknown 5 (3.9)

MKI

Low 66 (50.8)

Intermediate 13 (10.0)

High 35 (26.9)

Unknown 16 (12.3)

MYCN

Nonamplified 116 (89.2)

Amplified 14 (10.8)

INSSa

Early stage 40 (30.8)

Advanced stage 90 (69.2)

COG risk group

Low 40 (30.8)

Intermediate 34 (26.2)

High 56 (43.0)

3-year OS (95% CI) 79.5% (70.4%–86.1%)

3-year EFS (95% CI) 57.8% (47.9%–66.5%)

5-year OS (95% CI) 73.1% (59.3%–82.9%)

5-year EFSS (95% CI) 52.3% (40.1%–63.1%)

MKI, mitosis-karyorrhexis index; MYCN, encoding the transcription factor N-MYC; INSS, the International Neuroblastoma

Staging System; COG, Children’s Oncology Group; OS, overall survival; EFS, event-free survival; CI, confidence interval;

GWCMC, Guangzhou Women and Children’s Medical Center.
aINSS stage 1, 2, and 4s as the early stage; INSS stage 3 and 4 as the advanced stage.
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The expression of MCM2/5/6

MCM2/5/6 are expressed in the nucleus of tumor cells, and all pathological images were autoexamined

using computational image analysis. The design of the automated cell nucleus counting system is as

follows (Figure 1). Representative images of immunohistochemistry (IHC) staining for MCM2/5/6 are shown

in Figure S1. Based on computational pathology analysis, the expression of the three biomarkers was

digitally defined and quantified as the percentage of the positive expression accounting for all negative

and positive nuclear expression within effective areas (per mm2). The expression of MCM2/5/6 with the

median percentage calculated in NB tissues according to the early and advanced stage10 is summarized

in Figure S2. Specifically, the highest expression was found for MCM6 (median: 39.2%, 95% CI: 33.9%–

43.5%/mm2), followed by MCM2 (median: 21.6%, 95% CI: 17.8%–25.7%/mm2) and MCM5 (median: 4.7%,

95% CI: 3.3%–6.1%/mm2). We also analyzed the relationship between the expression of these three bio-

markers and clinical features, such as INSS, encoding the transcription factor N-MYC (MYCN) status,

COG risk classification, and pathological grade, showing that there was no relationship between them

(Table S1).

Prognostic value of each marker

We next explored the prognostic value of the markers MCM2/5/6 in NB patients. In the TARGET dataset,

high expression of MCM2/5/6 was associated with a higher risk of death (HR 2.70, 95% CI 1.61–4.55,

p = 0.0001, Figure 2A; HR 1.96, 95% CI 1.18–3.28, p = 0.0115; Figure 2B; HR 2.04, 95% CI 1.10–3.78, p =

0.0244; Figure 2C), although similar results were found only for the risk of any event in NB patients with

high expression of MCM2 and MCM6 (Figures 2 D and 2F). In the Guangzhou Women and Children’s Med-

ical Center (GWCMC) dataset, high expression of MCM2 was associated only with inferior OS (HR 8.27, 95%

CI 1.11–61.31, p = 0.0036, Figure 3A).

The combined prognostic effect of MCM2, age, and INSS

To develop a more sensitive model to predict NB prognosis, we constructed a prognostic score model

significantly associated with OS using penalized least absolute shrinkage and selection operator

(LASSO) Cox regression models (Figure S3). A risk score was then calculated for each patient using a

formula that includedMCM2, age, and INSS weighted by their regression coefficient as follows: risk score =

(2.2814 x percentage of MCM2 positive expression) + (1.0258 x age) + (2.465 x INSS).

Based on the median prediction probability of the risk score, we classified 72 NB patients in the TARGET

dataset into a low-risk group and 78 NB patients into a high-risk group. The clinicopathological character-

istics of the patients stratified with the MCM2-based risk model are summarized in Table S2. The high-risk

Figure 1. Framework of the automated cell nucleus counting system for MCM2/5/6

ll
OPEN ACCESS

iScience 26, 105974, February 17, 2023 3

iScience
Article



group had a shorter OS than the low-risk group (HR 3.10, 95% CI 1.90–5.06, p < 0.0001, Figure 4A), as well as

an unfavorable EFS (HR 2.08, 95% CI 1.31–3.31, p = 0.0015, Figure 4B).

To determine whether the model has similar prognostic value, we applied it to the GWCMC cohort of 130

NB patients and classified them into low-risk (n = 61) and high-risk (n = 69) groups. Again, the high-risk

group had a shorter OS (HR 13.36, 95% CI 3.13–56.97, p < 0.0001, Figure 4C) and an unfavorable EFS

(HR 3.01, 95% CI 1.62–5.59, p = 0.0002, Figure 4D). The 3- and 5-year OS and EFS rates in each group

and the number of patients in each group who had an event are listed in Tables S2 and S3, respectively.

Furthermore, we calculated the cumulative risk score for each patient and used receiver operating charac-

teristic (ROC) analysis to compare the sensitivity and specificity of the MCM2-based prognostic risk model

with age, INSS, and MCM2 alone (Figure S4). The MCM2-based risk model showed significantly better

prognostic value than the INSS alone for OS (area under the ROC curve [AUROC] 0.82 [95% CI 0.74–

0.90] vs. 0.77 [0.70–0.84]) but not for EFS (0.77 [95% CI 0.68–0.86] vs. 0.78 [0.70–0.86]). At the same time,

the calibration plots of the MCM2-based risk model for the probability of 3- or 5-year OS showed optimal

agreement between the prediction by the model and the actual observation in the TARGET and GWCMC

datasets, respectively (Figure 5). This suggests that the MCM2-based prognostic model might provide

more biological information for predicting OS in NB patients.

After multivariable adjustment by clinicopathological risk factors, such as age and INSS, the MCM2-based

risk model remained a powerful and independent prognostic factor for OS and EFS in the TARGET cohort

(OS: HR 2.3, 95% CI 1.4–4.0, p = 0.002; EFS: HR 1.8, 95% CI 1.1–3.1, p = 0.026; Table 2) and for OS in the

GWCMC cohort (HR 8.3, 95% CI 1.6–44.5, p = 0.013; Table 2).

Relationship of the MCM2-based risk model with ESTIMATE score

To explore the potential mechanisms by which the risk model is capable of predicting patient survival, we

performed ESTIMATE analysis and assessed the infiltration of immune cells in the TARGET dataset. Lower

scores in both ESTIMATE (Figure 6A, p < 0.001) and stromal (Figure 6B, p < 0.0001) analyses were signif-

icantly associated with the high-risk group stratified by the MCM2-based risk model compared with the

Figure 2. Kaplan-Meier curves for OS and EFS according to the expression levels of MCM2/5/6 in the TARGET dataset (n = 150)

(A–F) Plots for OS show (A) MCM2, (B) MCM5, and (C) MCM6 in NB patients. Plots for EFS show (D) MCM2, (E) MCM5, and (F) MCM6 in NB patients.

OS, overall survival; EFS, event-free survival; HR, hazard ratio; CI, confidence interval; MCM, minichromosome maintenance; NB, neuroblastoma.
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low-risk group. Not surprisingly, we also observed a similar phenomenon when analyzing the immune

score, even though there was no significant difference (Figure 6C). Survival analyses indicated that low

ESTIMATE and immune scores were significantly associated with worse OS, with p values of 0.022 and

0.016, respectively (Figures 6D and 6F), and low stromal scores were marginally associated with worse

OS (Figure 6E, p = 0.065). Overall, the NB patients with high risk stratified by the MCM2-based risk model

had a worse OS, potentially due to lower infiltration of immune cells.

DISCUSSION

In this study, we used current RNA sequencing data combined with our hospital-based dataset to explore

MCM2/5/6 expression levels in NB patients. We show that our MCM2-based risk model was well developed

and has good performance in predicting NB patient OS and EFS. Our observations suggest that gene

expression, especially MCM2 gene expression, may addmore information to traditional clinical risk factors,

such as age and INSS, in terms of prognostication, offering a potential target for clinical therapeutics.

A meta-analysis reported that MCM2 was associated with worse outcomes in human cancer,11 and exoge-

neous overexpression of MCM2 increased anchorage-independent cell growth, resulting in cell migration

and invasion in medulloblastoma.12 More interestingly, only MCM2 expression remained an independent

adverse factor for prognosis in multiple myeloma, even though MCM2/3/4/6/8 expression levels were

simultaneously detected, indicating that MCM2 may be a strong therapeutic target for this disease.13

Another study found that MCM2 overexpression in tumors harboring tumor protein 53 (TP53) mutation

was a risk factor for poor prognosis.14 Alternatively, MCM2 is usually considered a proliferation marker,

and it seemed to outperform Ki-67 as a tool to assess cellular proliferation in a large cohort of patients diag-

nosed with breast cancer.15 A recent study reported that MCM2 overexpression is associated with tumor

growth in an NB xenograft mouse model and that inhibition of MCM2 significantly increases cisplatin ac-

tivity, supporting MCM2 as a target for NB therapy.16 It was reported that knockdown of MCM2 in NB cell

lines suppressed cell growth.17 Taken together, these findings suggest that MCM2 expression mainly pro-

motes tumor growth across cancer types. In line with previous studies, we found that a MCM2-based risk

Figure 3. Kaplan-Meier curves for OS and EFS according to the expression levels of MCM2/5/6 in the GWCMC dataset (n = 130)

(A–F) Plots for OS show (A) MCM2, (B) MCM5, and (C) MCM6 in NB patients. Plots for EFS show (D) MCM2, (E) MCM5, and (F) MCM6 in NB patients.

OS, overall survival; EFS, event-free survival; HR, hazard ratio; CI, confidence interval; MCM, minichromosome maintenance; NB, neuroblastoma.
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model predicts poor OS and EFS in two cohorts; importantly, the risk model was somewhat associated with

tumor microenvironment, which might provide a potential target for immune therapy in NB.

It is well known that the tumor microenvironment is both diverse and complex as different immune cells are

capable of infiltrating tumor tissues, indicating that the synergistic interaction of different immune cells and

tumor cells might provide a better understanding of tumorigenesis. The ESTIMATE algorithm was applied

to calculate the ESTIMATE, stromal, and immune scores,18 and the results implied that infiltrating stromal

and immune cells existed in tumor tissues. Accordingly, we analyzed the relationship between immune cell

infiltration and the MCM2-based risk model, which would explain the underlying mechanisms of the

MCM2-based risk model in predicting clinical outcomes. Remarkably, we found that high ESTIMATE, stro-

mal, and immune scores were significantly/marginally associated with better OS in NB patients. These find-

ings are consistent with those of previous studies.19,20 Furthermore, we explored the relationship between

the MCM2-based model and ESTIMATE score and found that a high-risk score in the MCM2-based risk

model was significantly correlated with low ESTIMATE and stromal scores. Not surprisingly, it was observed

that a lower immune score tended to be associated with a high-risk score. Several studies have recently

reported that MCM2 expression could affect the immune cell infiltration. For example, an analysis of

The Cancer Genome Atlas data recently revealed that MCM2 is not only significantly upregulated as a

component of the tumor mutation burden, which is commonly used as a biomarker for cancer immuno-

therapy,21 in advanced stages of almost all cancers but also closely associated with the infiltration of various

immune cells in melanoma22 and hepatocellular carcinoma.23 Overall, it was expected that the interplay of

MCM2 expression and tumor microenvironment critically affects tumor evolution, which subsequently

Figure 4. Kaplan-Meier survival estimates of the MCM2-based risk model for predicting NB patient survival

(A–D) Plots for OS are shown in (A) and those for EFS are shown in (B) for the TARGET dataset according to the MCM2-

based risk model; similarly, plots for OS are shown in (C) and those for EFS are shown in (D) for the GWCMC dataset

according to the MCM2-based risk model.

OS, overall survival; EFS, event-free survival; HR, hazard ratio; CI, confidence interval; MCM, minichromosome

maintenance; NB, neuroblastoma.
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impacts patient survival and immunotherapy response. In addition, we assume that MCM2 expression

could predict the levels of immune cell infiltration and might be a new avenue for immune therapy in NB.

In our study, we simultaneously used mRNA and protein expression data to address the association of the

MCM2-basedmodel associated with clinical outcomes. There were to themaximum extent consistency be-

tween the two kinds of molecular expression. We know that gene expression is complicated and involves

Figure 5. Calibration plots of the MCM2-based risk model for predicting 3- and 5-year OS in patients from the

TARGET (A and B) and GWCMC (C and D) datasets, respectively

OS, overall survival.

Table 2. Multivariable Cox regression analysis of factors associated with survival in the TARGET and GWCMC

cohorts

TARGET cohort (n = 150) GWCMC cohort (n = 130)

HR (95% CI) P HR (95% CI) P

OS

MCM2-based model (high vs. low) 2.3 (1.4–4.0) 0.002 8.3 (1.6–44.5) 0.013

Age, months (R18 vs. < 18) 2.4 (0.5–13.3) 0.301 0.8 (0.3–2.4) 0.713

INSS (Advanced vs. Early) 1.4 (0.3–5.5) 0.648 5.9 (0.7–49.6) 0.104

EFS

MCM2-based model (high vs. low) 1.8 (1.1–3.1) 0.026 1.2 (0.5–3.2) 0.668

Age, months (R18 vs. < 18) 5.6 (1.3–23.2) 0.019 1.3 (0.5–3.0) 0.590

INSS (Advanced vs. Early) 0.4 (0.1–1.3) 0.129 6.7 (2.2–20.5) 0.001

TARGET, Therapeutically Applicable Research to Generate Effective Treatments; GWCMC, Guangzhou Women and Chil-

dren’s Medical Center; MCM, minichromosome maintenance; HR, hazard ratio; CI, confidence interval; INSS, the Interna-

tional Neuroblastoma Staging System.
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transcription, translation, and the turnover of mRNAs and proteins. Although mRNA and protein levels

undoubtedly exhibit reasonable correlation, the degree to which protein abundances and mRNA levels

correlate with each other remains an intensely debated topic. Thus, both technical challenges in quanti-

fying them and key features of the gene expression pathway are highlighted in understanding the correla-

tion of mRNAs and proteins levels. For instance, a recent proteomic and transcriptomic survey of 375 cell

lines showed that mRNAs outperformed proteins in determining the origin of cell lines.24 More importantly,

another study25 found that differences across- and within-gene expression existed. On the one hand,

across-gene expression analyses have revealed a substantial correlation betweenmRNA and protein levels

in all kinds of life. On the other hand, within-gene correlation studies have unveiled significant but modest

correlations between mRNA and protein levels for most genes. Selbach et al. pointed out that the gene

expression pathway is hierarchical, indicating that protein synthesis requires the presence of an mRNA

template. Hence, the degree to which protein expression can be regulated depends on the activity of

the corresponding mRNA levels.26 In view of the aforementioned considerations, the mRNA and protein

levels keep consistent to some extent.

Figure 6. Relationships between ESTIMATE (A), stromal (B), and immune (C) scores and the MCM2-based risk model

OS and EFS were evaluated by the Kaplan-Meier method with the log rank test for NB patients in the TARGET dataset grouped by ESTIMATE (D for OS, G for

EFS), stromal (E for OS, H for EFS), and immune (F for OS, I for EFS) scores. **p < 0.01, ***p < 0.001, ns, nonsignificant.

OS, overall survival; EFS, event-free survival; HR, hazard ratio; CI, confidence interval; MCM, minichromosome maintenance; NB, neuroblastoma.
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In conclusion, based on the TARGET data and our data, we confirmed the prognostic role of MCM2/5/6

expression and further developed a MCM2-based risk model for assessing patient survival that performed

better than INSS and age alone. This MCM2-based risk model highlights the role of MCM2 and is a prom-

ising tool to optimize decision-making for individual NB patients.

Limitations of the study

Admittedly, a potential limitation of the current study is that further elaborate investigations in vivo and

in vitro are needed to clarify how MCM2 regulates certain immune cells, which may fully explain the inner

mechanisms for MCM2-based immune therapy in NB. Also, integrating multiomics datasets holds promise

for understanding the complicated mechanisms and pathways underlying gene expression.
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KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead con-

tact, Hai-Yun Wang (wanghy29@mail3.sysu.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

d The data including image and clinicopathological information generated in this study are available upon

request from the lead contact or within the article and its supplementary data files.

d This study did not generate original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon reasonable request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Public dataset

The RNA sequencing data of 150 NB samples were available from the Therapeutically Applicable Research

to Generate Effective Treatments (TARGET) database (https://target-data.nci.nih.gov/Public/NBL/mRNA-

seq/, accession: TARGET_NB). The data were processed by a normalization method that calculates tran-

scripts per million (TPM) and were used as the training cohort. The corresponding clinical data collected

included age at diagnosis, INSS, and MYCN amplification status.

GWCMC cohort

The formalin-fixed paraffin-embedded (FFPE) tissue samples of 130 NB patients were obtained from the

Guangzhou Women and Children’s Medical Center (GWCMC, Guangzhou, China) between August 2016

and December 2020. The ethical statement was approved by the Institutional Ethics Committee of the

GWCMC and was in line with the ethical standards of the World Medical Association Declaration of

Helsinki ([2021]078A01). All diagnoses were pathologically confirmed and restaged according to the

INSS criteria.29 The Children’s Oncology Group (COG) risk classification was performed for each patient

according to medical records. Parents of all NB patients provided written informed consent for partici-

pation in the study, mostly at the time of admission to the GWCMC. This study is reported according to

REMARK guidelines.30

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and Algorithms

Otsu algorithm Otsu27 https://ieeexplore.ieee.org/document/4310076

CSRNet Li et al.28 https://github.com/leeyeehoo/CSRNet-pytorch

R software R CRAN https://cran.r-project.org/mirrors.html

Survminer R package R CRAN https://CRAN.R-project.org/package=survminer

glmnet package R CRAN https://CRAN.R-project.org/package=glmnet

ESTIMATE package R CRAN https://bioinformatics.mdanderson.org/estimate/index.html
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METHOD DETAILS

Immunohistochemistry

Three MCM proteins, namely, MCM2/5/6, were selected for immunohistochemistry (IHC) staining. In brief,

pathological sequential slides at 4 mm thickness were sectioned from FFPE tumor blocks and were further

deparaffinized and rehydrated. Next, endogenous peroxidase activity was blocked with 3% hydrogen

peroxide for 10 min at room temperature. After antigen retrieval, the slides were incubated with primary

antibodies and labeled with anti-mouse/rabbit secondary antibody (Dako REAL EnVision Detection

System) for 30 min at 37�C, followed by a 3 min incubation in diaminobenzidine solution for protein detec-

tion.31 The primary antibodies used were anti-MCM2 (ab4461, 1:1600; Abcam, Cambridge, UK), anti-MCM5

(ab17967, 1:1000; Abcam, Cambridge, UK), and anti-MCM6 antibodies (ab190948, 1:800; Abcam,

Cambridge, UK).

Computational image analysis

Glass slides of IHC-stained tissue samples with good staining quality were scanned at a high resolution of

0.24 mm/pixel (Pannaromic Scan 150, 3DHistech, Hungary). All pathological images with the automated cell

nucleus counting system is described as follows. First, we obtained the valid area of a whole-slide image

(WSI) using the Otsu algorithm,27 after which we cropped the WSI into 512 3 512 image patches at 403

magnification in the manner of a sliding window within the valid area. Next, each patch image was input

into a trained nucleus detection model, which outputs a corresponding probability map, followed by

filtered with a predefined threshold, and a set of detection points was obtained. For each detection point,

we computed the mean value of the haematoxylin-eosin-DAB (HED) channel in a 53 5 local field. Finally, a

trained logistic regression (LR) model was used to classify each detection point into a positive cell or a

negative cell. The final quantification of the WSI is the sum of the count for all image patches.

In addition, to train the nucleus detection model, two professional pathologists (L. Z. and K. C.) annotated

20WSIs for the threemarkers, MCM2/5/6, with a total of 31,134 points, including 16,407 positive and 14,727

negative tumor cells. We cropped ROIs containing the annotated points into 5123 512 image patches. We

chose CSRNet28 as the cell nucleus detectionmodel, which was used to locate nuclear positions rather than

to distinguish cell types.

Cut-off values for high and low expression

The ‘‘Survminer’’ package in R software (version 4.1.2) was applied to calculate optimal cut-off values to

define high or low expression of MCM2/5/6 usingOS as the outcome. Each patient was given a binary score

based on the cut-off values, with 0 for low expression and 1 for high expression, for each marker.

MCM2-based model construction

We carried out a penalized Cox regression model to select the most powerful prognostic features of the

three biomarkers and clinical features32 and then constructed an MCM-based model for predicting survival

in the training cohort. The ‘‘glmnet’’ package was employed to perform least absolute shrinkage and se-

lection operator (LASSO) Cox regression analysis.33 Ten-time cross validation with Lambda.min criteria

was used to determine optimal values of l, and a value of l = 0.04381 with log (l) =�3.127893 was chosen.

Based on this value, MCM2, age and INSS were selected to construct the prediction risk model with

coefficients weighted by the penalized Cox model in the training cohort. We then grouped the NB patients

into low- and high-risk groups based on the model score.

Estimation of immune, stromal and ESTIMATE scores

The infiltration levels of stromal and immune components were assessed in the 150 NB samples using the

‘‘ESTIMATE’’ package (https://R-Forge.R-project.org/projects/estimate/) of R software.18 A higher stromal

or immune score represents a larger ratio of the corresponding component in the TME.

QUANTIFICATION AND STATISTICAL ANALYSIS

The primary outcome was OS, and the secondary outcome was EFS, as identified through medical records.

OS was calculated from the date of cancer diagnosis to the date of death from any cause. EFS was calcu-

lated from the date of cancer diagnosis to the first occurrence of any event (i.e., relapse at any site, progres-

sive disease, second malignancy, or death). Patients without an event were censored on the date of the last

contact.34
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Correlations between the expression levels of MCM2/5/6, clinical variables and the risk model were

analyzed using the c2 test or Fisher exact test. We applied Kaplan–Meier curves with the log rank test to

estimate differences in OS and EFS between patients with high and low expression of the three markers

and the risk model. Multivariable Cox regression analysis and hazard ratios (HRs) with 95% confidence

intervals (CIs) with backwards selection were then utilized to assess the prognostic roles of these different

factors, with mutual adjustment for one another. Finally, we compared the sensitivity and specificity of

MCM2, age, INSS and the risk model for prognosis prediction using a receiver operating characteristic

(ROC) curve and the area under the curve (AUC).

Statistical analyses were performed using RStudio (version 4.1.2, Inc., Boston, MA), GraphPad Prism 7

(GraphPad Software, La Jolla, CA, USA), and Stata version 15.1 (TX, USA). All statistical tests were two-

sided; the results were considered significant at a p value less than 0.05.
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