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Abstract
Background  The association between membranous nephropathy (MN) and malignant tumors has long been 
focused. However, most existing studies have primarily concentrated on patients diagnosed with malignant tumors 
within a limited timeframe, typically defined as one year before or after the diagnosis of MN. This narrow focus 
only captures a subset of MN patients complicated by malignant tumors, leaving those diagnosed outside this 
timeframe understudied and largely unexplored. In the present study, we aim to comprehensively investigate the 
clinicopathological characteristics of MN patients complicated with malignant tumors and to develop an effective 
predictive model for identifying the risk of malignancy in MN patients.

Methods  A retrospective analysis was conducted on the demographic, clinical, and pathological characteristics of 
174 MN patients complicated with malignant tumors and 604 idiopathic membranous nephropathy (IMN) patients 
without malignant tumors. All patients were randomly allocated into a training cohort (n = 584) and a validation 
cohort (n = 194) in a 3:1 ratio. A predictive model was developed using regression analysis, and its performance was 
evaluated in terms of discrimination, calibration, and clinical utility through the area under the ROC curve (AUC), 
calibration curve, and decision curve analysis (DCA).

Results  MN patients complicated with malignant tumors demonstrated significantly increased deposition rates of 
glomerular IgG1, IgG2, IgG3, and PLA2R, as well as decreased deposition rates of IgG4. Based on independent risk 
factors, a predictive model was developed, which exhibited excellent performance upon validation.

Conclusion  In this largest cohort to date of MN patients with malignant tumors, a predictive model was constructed 
using pathological parameters to estimate the risk of malignancy effectively. This tool aims to assist clinicians in 
decision-making and improve the prognosis of high-risk MN patients by facilitating tumor screening at the time of 
initial diagnosis.
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Introduction
Membranous nephropathy (MN), pathologically charac-
terized by diffuse thickening of the glomerular basement 
membrane and subepithelial IgG deposition, is the most 
common cause of nephrotic syndrome (NS) in adults, 
accounting for 38.18% of cases, particularly among 
middle-aged and elderly populations [1]. Over the past 
decades, the incidence of MN has exhibited a marked 
rising trend across all age groups, with the most notable 
increase observed in younger individuals [2].

In 1966, Lee first elucidated the relationship between 
NS and malignant tumors in a large-scale study. Of the 
101 nephrotic syndrome patients included, 11 were 
found to have concomitant malignant tumors, and 
remarkably, MN was identified as the predominant path-
ological type in 82% of these cases [3]. This observed rate 
of malignancy was significantly higher than the expected 
incidence for this age cohort. Furthermore, a recent study 
by Lefaucheur et al. reported that the risk of malignant 
tumors in MN patients was approximately ten times 
higher than in the general population, irrespective of age 
or sex [4]. Over the years, numerous studies have con-
sistently highlighted the association between MN and 
malignant tumors, with most malignancies identified 
either simultaneously with MN diagnosis, shortly there-
after, or even prior to MN onset. Interestingly, it has also 
been reported that certain patients were diagnosed with 
malignant tumors within 12 months after MN manifesta-
tion [5–6], suggesting a more complex relationship. How-
ever, we found that malignant tumors can occur at any 
time in MN patients, underscoring the need for further 
investigation into this association. Such research is vital 
for the timely detection of malignant tumors in high-risk 
MN patients, enabling clinicians to avoid unnecessary 
immunosuppressive therapies [7].

Attempting to find novel non-invasive biomarkers 
and early detection methods for potential malignant 
tumors in MN assumes paramount significance in terms 
of patient treatment and prognosis. M-type phospholi-
pase A2 receptor (PLA2R) and thrombospondin type-1 
domain-containing 7 A (THSD7A), confirmed as two pri-
mary pathogenic podocyte target antigens in idiopathic 
membranous nephropathy (IMN) [8–9], however, recent 
studies have also indicated the occurrence of malignant 
tumors in PLA2R and THSD7A-associated MN [10], 
which challenge the designation of PLA2R and THSD7A 
as markers of primary MN and further underscore the 
intricate nature of the association between malignant 
tumors and MN.

Previous studies have proposed that the absence of 
glomerular PLA2R deposition, negative circulating anti-
PLA2R antibodies, strong glomerular IgG1 and IgG2 
deposition, and the lack of IgG4 deposition may serve as 
independent predictors of malignancy in MN patients 

[11, 12, 13, 14, 15]. However, the conclusions of these 
studies have been inconsistent, likely due to limited sam-
ple sizes and variations in study design.

In this study, we conducted a comprehensive analysis of 
the demographic, clinical, and pathological characteris-
tics of MN patients with and without malignant tumors, 
utilizing the largest sample size to date. Specifically, we 
evaluated circulating anti-PLA2R antibodies, glomerular 
PLA2R deposition, and glomerular IgG subtype depo-
sition. Furthermore, we aimed to develop a novel and 
reliable predictive model to assist clinicians in decision-
making, facilitating early tumor screening at the time of 
initial MN diagnosis and improving outcomes for high-
risk patients.

Materials and methods
Study subjects
This retrospective study utilized electronic medical 
records to identify patients diagnosed with MN and 
malignant tumors who were admitted to the First Affili-
ated Hospital of Zhengzhou University between Janu-
ary 1, 2014, and September 1, 2023. Patients in the 
malignant tumor group were included based on the fol-
lowing criteria: (i) Initial onset of MN. (ii) Diagnosis of 
MN confirmed by renal biopsy. (iii) A previous history 
of malignant tumors, or newly diagnosed malignant 
tumors identified during at least 1 year of follow-up. The 
exclusion criteria were: (i) Presence of other glomerular 
diseases (e.g., IgA nephropathy or mesangial prolifera-
tive glomerulonephritis). (ii) Secondary MN (e.g., MN 
associated with systemic lupus erythematosus, chronic 
hepatitis B or C, or exposure to drugs or toxicants). (iii) 
Absence of essential pathological diagnostic parameters. 
Cases where certain indicators were missing but the rest 
of the renal pathology report was complete, were not 
excluded. For the control group, we included patients 
diagnosed with IMN confirmed by renal biopsy between 
January 1, 2015, and June 1, 2018, in our hospital. 
These patients had no history of malignant tumors and 
remained free of malignancies during a minimum follow-
up period of 1 year. Figure 1 shows the detailed flowchart 
of this study.

Clinical data collection
Baseline demographic, clinical, and pathological data 
were collected at the time of the first diagnosis of MN 
via renal biopsy. Demographic data included age and sex. 
Clinical data encompassed measurements of circulat-
ing PLA2R antibody titer, circulating THSD7A antibody 
titer, hemoglobin (Hb), glucose (GLU), albumin (ALB), 
erythrocyte sedimentation rate (ESR), C-reactive pro-
tein (CRP), serum creatinine (sCr), uric acid (UA), and 
24-hour urinary protein (24 h UTP). For patients in the 
malignant tumor group, additional data on the specific 
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type of malignant tumor and the time interval between 
the diagnosis of MN and the occurrence of the malignant 
tumor were recorded.

Serum PLA2R antibody detection by ELISA KIT
Serum PLA2R antibody was collected in a medical data-
base, and it was detected by ELISA Kit (Euroimmun, 
Germany) according to the instruction book. A serum 
PLA2R antibody level ≥ 14 U/ml was defined as a positive 
result.

Pathological data collection and definition
The renal tissue specimens were subject to light micros-
copy, immunofluorescence and electron microscopy. 

Results were first independently diagnosed by a primary 
nephropathologist and then evaluated by an advanced 
nephropathologist. In cases where inconsistencies arose, 
the final decision was entrusted to the senior nephro-
pathologist. Ehrenreich-Churg’s classification criteria 
were utilized to categorize IMN into pathological stages 
I to IV. To facilitate statistical analysis, when the stage 
fell between two criteria, the higher stage was assigned. 
For instance, stages I to II were classified as stage II. In 
addition, renal tubule atrophy, renal interstitial fibrosis, 
and renal arteriole injury were assessed using a semi-
quantitative grading system. The extent of renal tubule 
atrophy and renal interstitial fibrosis was scored as fol-
lows: 0 points for no lesion, 1 point for < 25% lesion area, 

Fig. 1  Flow chart of the study
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2 points for 25–50% lesion area, and 3 points for > 50% 
lesion area. Renal arteriole injury was scored as 0 points 
for no lesion, 1 point for thickening of the vascular wall, 
and 2 points for thickening of the vascular wall combined 
with any other vascular injury. Immunofluorescence 
staining intensity was considered negative for staining 
intensity < 1 + and positive for staining intensity ≥ 1+.

TRIPOD + AI guidelines
This study adheres to the TRIPOD (Transparent Report-
ing of a multivariable prediction model for Individual 
Prognosis or Diagnosis) + AI (Artificial intelligence) 
guidelines for reporting clinical prediction models [16]. 
We followed these guidelines to ensure that our method-
ology, model development, and performance evaluation 
are clearly and comprehensively reported (Supplemen-
tary Materials 1 and 2).

Statistical analysis
All statistical analyses were performed using SPSS soft-
ware (version 21.0) and R statistical software (version 
4.2.1; http://www.R-project.org). A p-value of less than 
0.05 was considered statistically significant. Pairwise 
deletion was used to exclude only the variable pairs with 
missing values, retaining all other available data for analy-
sis. Quantitative variables with normal distributions were 
expressed as mean ± standard deviation (SD). Depending 
on the homogeneity of variance, comparisons between 
two groups were conducted using either a t-test or a cor-
rected t-test. Quantitative variables with non-normal 
distributions were reported as median and interquar-
tile range [M (P25, P75)], and the Wilcoxon rank-sum 
test was used for comparisons. Categorical variables 
were presented as frequency and percentage [n (%)], and 
comparisons between groups were performed using the 
chi-square test. The data were randomly divided into 
training and validation cohorts in a 3:1 ratio using the R 
programming language. The training cohort was used to 
develop the predictive model, while the validation cohort 
served for internal validation. Univariate logistic regres-
sion analysis was conducted to identify potential risk fac-
tors for malignant tumors. Variance inflation factor (VIF) 
analysis was employed to detect multicollinearity among 
variables, with VIF ≥ 10 indicating high multicollinearity. 
Identified variables were then included in a multivariate 
logistic regression analysis to determine independent 
risk factors. The nomogram and predictive equation 
were constructed using the “rms” R package. Model per-
formance was evaluated in both the training and valida-
tion cohorts. Discrimination ability was assessed using 
receiver operating characteristic (ROC) curves and the 
area under the ROC curve (AUC). An AUC > 0.90 indi-
cated excellent performance; 0.80–0.89, good; 0.70–
0.79, fair; and < 0.70, poor. Calibration of the model was 

assessed using calibration curves based on 500 bootstrap 
samples and the Brier score. Clinical utility was deter-
mined using decision curve analysis (DCA), which quan-
tified the net benefit of the model at different threshold 
probabilities for both training and validation cohorts.

Results
The distribution of malignant tumors and the time interval 
from diagnosis of MN
A total of 174 patients (89 men and 85 women) with a 
median age of 58 (47,67) years at the time of MN diag-
nosis were enrolled in the malignant tumor group. As 
shown in Fig.  2, 64.9% of patients were diagnosed with 
malignant tumors within one year before or after the 
diagnosis of MN. Additionally, 31.6% of patients were 
diagnosed with malignant tumors at the time of MN 
diagnosis, 32.2% were diagnosed after MN diagnosis, and 
36.2% were diagnosed before MN diagnosis. The preva-
lence of malignant tumors is detailed in Table 1. It was 
observed to be highest in thyroid cancer (41 cases, 23.6%) 
and lung cancer (34 cases, 19.5%), followed by prostate 
cancer (10 cases, 5.8%), gastric cancer (10 cases, 5.8%), 
and colorectal cancer (10 cases, 5.8%). Non-solid tumors 
were also identified, including multiple myeloma (9 cases, 
5.2%), leukemia (6 cases, 3.5%)), lymphoma (4 cases, 
2.3%), and myelodysplastic syndrome (1 case, 0.6%).

Comparison of the baseline characteristics between MN 
patients complicated with and without malignant tumors
The demographic and clinicopathological characteristics 
of MN patients complicated with and without malignant 
tumors are summarized in Table  2. The median ages of 
the two groups were 58 (47–66) years and 48 (37–58) 
years, respectively, indicating that MN patients with 
malignant tumors were significantly older than those 
without malignant tumors. No statistically significant dif-
ference in gender distribution was observed between the 
two groups. In terms of laboratory findings, MN patients 
with malignant tumors exhibited lower circulating anti-
PLA2R antibody titers, lower positive rates of circulating 
anti-PLA2R antibodies, and reduced Hb levels. Addi-
tionally, these patients had higher levels of GLU, ESR, 
CRP, and 24hUTP. However, no significant differences 
were noted in circulating anti-THSD7A antibody titers, 
ALB, sCr, or UA levels between the groups. Regarding 
renal pathological parameters, MN patients with malig-
nant tumors exhibited more advanced MN staging, more 
severe tubular atrophy, interstitial fibrosis, and arteriolar 
injury. Furthermore, these patients demonstrated higher 
positive rates for glomerular deposition of IgG, IgM, IgA, 
C3, C4, C1q, as well as IgG1, IgG2, IgG3, and PLA2R 
staining. Conversely, the deposition rate of IgG4 was sig-
nificantly lower in the malignant tumor group.

http://www.R-project.org
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Fig. 2  Diagnosis time interval distribution for malignant tumors in patients with MN. (A) The cumulative plot of the diagnosis time interval for each 
individual, with the malignant tumor diagnosis point (orange) and MN diagnosis point (red dashed line) indicated. The X-axis represents individuals, 
with each width corresponding to their frequency, and the Y-axis represents the diagnosis time interval in months. (B) The histogram illustrating the 
frequency distribution of the diagnosis time intervals. The X-axis represents the grouped diagnosis time intervals (in months), and the Y-axis represents 
the frequency of individuals within each group
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Screening for predictive factors associated with malignant 
tumors in MN patients
A total of 778 patients were randomly allocated into a 
training cohort (n = 584) and a validation cohort (n = 194) 
at a 3:1 ratio. The demographic and clinicopathologi-
cal baseline characteristics of the two cohorts are sum-
marized in the Supplementary Table. No significant 
differences were observed between two cohorts across all 
studied indicators (P > 0.05). Multivariate logistic regres-
sion analysis was conducted, incorporating all param-
eters with a P-value < 0.05 from the univariate analyses. 
Variance inflation factor (VIF) values for the indepen-
dent variables ranged from 1.178 to 1.660, indicating 
the absence of significant multicollinearity issues. The 
final analysis identified the following factors as indepen-
dent predictors of malignant tumors in MN patients: 
increased deposition of glomerular IgA (OR 2.980; 95% 
CI 1.071–8.291; P = 0.036), IgG1 (OR 2.535; 95% CI 
1.367–4.703; P = 0.003), IgG2 (OR 5.185; 95% CI 1.689–
15.917; P = 0.004), IgG3 (OR 3.558; 95% CI 1.417–8.934; 
P = 0.007), and PLA2R (OR 3.167; 95% CI 1.559–6.431; 
P = 0.001). Conversely, deposition of glomerular IgG4 
(OR 0.435; 95% CI 0.194–0.974; P = 0.043) was found to 
be inversely associated with the risk of malignant tumors 
(Table 3).

Construction and validation of the nomogram
Based on the results of the multivariate logistic regres-
sion analysis, six independent predictors—glomerular 
deposition of IgA, IgG1, IgG2, IgG3, IgG4, and PLA2R—
were incorporated into the construction of a nomo-
gram to estimate the likelihood of malignant tumors in 
MN patients at the time of initial diagnosis (Fig. 3). The 
diagnostic performance of the nomogram was evalu-
ated using ROC curves, calibration curves, and DCA 
curves for both the training and validation cohorts. The 
nomogram demonstrated excellent discriminatory abil-
ity, achieving an AUC of 0.893 (95% CI: 0.854–0.930) in 
the training cohort and 0.943 (95% CI: 0.895–0.990) in 
the validation cohort (Fig.  4A/4B). Calibration curves 
showed a high degree of consistency between the pre-
dicted probabilities generated by the nomogram and the 
observed probabilities, with results closely aligning with 
the ideal diagonal line (Fig.  5A/5B). Additionally, DCA 
curves highlighted the nomogram’s ability to deliver a 
positive net benefit across a range of threshold prob-
abilities (0 to 1), underscoring its significant potential for 
clinical application (Fig. 6A/6B). 

Sensitivity analysis
To further assess the robustness of the predictive model, 
we conducted a sensitivity analysis to evaluate whether 
the model’s performance would differ if medical records 
outside the ± 12-month window were unavailable. One 
group used the complete set of all patients, while the 
other group used only data within the ± 12-month win-
dow. The ROC values for these two groups were 0.898 
(95% CI: 0.864–0.932) and 0.903 (95% CI: 0.866–0.941), 
respectively. These results indicate that the model’s diag-
nostic accuracy remains robust across different time 
frames.

Discussion
To the best of our knowledge, this study represents the 
largest single-center investigation to date focused on 
predicting the risk of malignant tumors in patients with 
MN. Unlike previous studies on malignancy-associated 
MN, which often restricted the timeframe for the occur-
rence of malignant tumors, our study took a broader 
approach by examining the overarching association 
between MN and malignancy. Importantly, we made a 
pioneering attempt to develop a predictive model that 
integrates renal pathological indicators. This model dem-
onstrates high diagnostic performance, offering a robust 
tool for predicting the occurrence of malignant tumors in 
patients diagnosed with MN.

Our study revealed that among MN patients with 
malignant tumors, approximately 64.9% were diagnosed 
with malignancies concurrently with MN (within 12 
months before or after the MN diagnosis). In total, 174 

Table 1  Characteristics of patients in malignant tumor group
Malignant tumor type Count Male Age at biospy
Thyroid cancer 41 (23.56) 13 (31.7) 50 (39, 59)
Lung cancer 34 (19.54) 24 (70.6) 58 ± 13
Prostate cancer 10 (5.75) 10 (100) 66 (60, 70)
Gastric cancer 10 (5.75) 5 (50) 61 (54, 67)
Colorectal cancer 10 (5.75) 7 (70) 56 (50, 63)
Multiple myeloma 9 (5.17) 7 (77.8) 63 (49, 69)
Breast cancer 7 (4.02) 0 (0) 62 (49, 67)
Uterine cancer 7 (4.02) 0 (0) 58 (56, 60)
Leukaemia 6 (3.45) 2 (33.3) 45 (34, 69)
Bladder cancer 5 (2.87) 2 (40) 64 (54, 72)
Esophageal cancer 5 (2.87) 4 (80) 58 (45, 61)
Cervical cancer 4 (2.30) 4 (100) 51 (46, 60)
Lymphoma 4 (2.30) 2 (50) 63 (49, 69)
Renal cancer 4 (2.30) 3 (75) 60 (50, 64)
Liver cancer 3 (1.72) 3 (100) 66 (59, 67)
Ovarian cancer 1 (0.57) 0 (0) 67
Brain cancer 2 (1.15) 1 (50) 53, 58
Cholangiocarcinoma 1 (0.57) 1 (100) 70
Pancreatic cancer 1 (0.57) 0 (0) 33
Testicular seminoma 1 (0.57) 1 (100) 46
Malignant teratoma 1 (0.57) 0 (0) 52
Adrenal Cancer 1 (0.57) 1 (100) 62
Myelodysplastic syndrome 1 (0.57) 1 (100) 38
Small intestinal cancer 1 (0.57) 0 (0) 68
Other 5 (2.87) 2 (40) 46 (39, 67)
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Malignant tumor group (n = 174) Control group (n = 604) P value
Male (%) 89 (51.1) 346 (57.4) 0.145
Age (years) 58 (47, 66) 48 (37, 58) < 0.001
PLA2R Ab (U/mL) 15.10 (2.10, 83.65) 29.5 (9.33, 84.58) 0.001
PLA2R Ab (+) 76 (51.0) 338 (66.1) 0.001
THSD7A Ab (ng/mL) 58.10 (24.40, 162.90) 59.80 (38.30, 97.20) 0.885
Hb (g/L) 123.00 (108.00, 136.00) 131.00 (121.00, 142.85) < 0.001
GLU (mmol/L) 4.85 (4.41, 5.33) 4.47 (4.10, 4.99) < 0.001
ALB (g/L) 27.00 (22.20, 31.88) 26.10 (22.20, 31.20) 0.258
ESR (mm/h) 49.00 (19.25, 75.00) 26.00 (14.00, 43.00) < 0.001
CRP (mg/L) 1.39 (0.50, 3.38) 0.90 (0.10, 1.90) < 0.001
sCr (umol/L) 65.50 (53.00, 87.00) 65.00 (55.00, 76.00) 0.064
UA (umol/L) 304.00 ( 252.00, 372.75) 310.00( 258.00, 373.00) 0.634
24hUTP (g) 4.90 (2.64, 8.10) 3.86 (2.10, 6.23) 0.003
Pathological stage: < 0.001
1 11 (7.4) 95 (15.7)
2 95 (63.8) 398 (65.9)
3 39 (26.2) 111 (18.4)
4 4 (2.7) 0 (0)
Tubular atrophy: < 0.001
0 61 (37.7) 348 (57.6)
1 39 (24.1) 61 (10.1)
2 35 (21.6) 100 (16.6)
3 27 (16.7) 95 (15.7)
Interstitial fibrosis: 0.008
0 80 (49.4) 333 (55.1)
1 42 (25.9) 101 (16.7)
2 33 (20.4) 159 (26.3)
3 7 (4.3) 11 (1.8)
Renal arteriole injury: < 0.001
0 26 (16.0) 270 (44.7)
1 31 (19.1) 162 (26.8)
2 105 (64.8) 172 (28.5)
IgG < 0.001
0 5 (3.1) 14 (2.3)
1 4 (2.5) 58 (9.6)
2 73 (45.1) 391 (64.7)
3 75 (46.3) 141 (23.3)
4 5 (3.1) 0 (0)
IgM < 0.001
0 43 (28.7) 389 (64.4)
1 52 (34.7) 151 (25.0)
2 54 (36.0) 64 (10.6)
3 1 (0.7) 0 (0)
IgA < 0.001
0 119 (73.5) 591 (97.8)
1 26 (16.0) 7 (1.2)
2 17 (10.5) 6 (1.0)
C3 < 0.001
0 49 (30.2) 267 (44.2)
1 32 (19.8) 183 (30.3)
2 73 (45.1) 149 (24.7)
3 8 (4.9) 5 (0.8)
C4 < 0.001

Table 2  Baseline characteristics of MN patients with or without malignant tumors
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MN patients with malignant tumors were included in 
this study. Thyroid cancer (42 cases, 21.6%) and lung can-
cer (37 cases, 19.1%) were the most frequently observed 
malignancies, followed by colorectal cancer (12 cases, 
6.2%), prostate cancer (11 cases, 5.7%), and gastric cancer 
(10 cases, 5.2%). These findings are generally consistent 
with those reported in previous studies [17], although 
new evidence highlights thyroid cancer as the most 
prevalent malignancy among MN patients. Furthermore, 
non-solid tumors, including multiple myeloma (9 cases, 
4.6%) and leukemia (6 cases, 3.0%), were also identified, 
underscoring the diverse spectrum of malignancies asso-
ciated with MN.

We observed that the average age of MN patients with 
malignant tumors was significantly higher compared to 
those without malignant tumors, consistent with find-
ings from previous studies [12, 13, 14, 15]. Addition-
ally, MN patients with malignant tumors demonstrated 
lower levels of Hb, higher levels of GLU, ESR, CRP, and 
24hUTP, alongside more advanced renal pathological 
stages and more severe glomerular injury. These findings 
may be attributable to systemic inflammation induced by 

malignant tumors and the progressive deterioration of 
renal function.

PLA2R and THSD7A have been identified as the prin-
cipal pathogenic podocyte antigens in IMN. Subsequent 
studies revealed that glomerular PLA2R and THSD7A 
antigens, as well as circulating anti-PLA2R and THSD7A 
antibodies, are also present in patients with malignancy-
associated MN [10, 13, 14]. However, conflicting evi-
dence exists regarding the ability of PLA2R and THSD7A 
to differentiate between malignancy-associated MN 
and IMN. Our findings indicate that MN patients with 
negative circulating PLA2R antibodies but positive glo-
merular PLA2R deposition are more likely to develop 
malignant tumors. This contrasts with a study by Zhang 
et al., which analyzed a cohort of 12 malignancy-associ-
ated MN patients and 257 IMN patients, concluding that 
negative circulating anti-PLA2R antibodies and absence 
of glomerular PLA2R deposition may suggest an associa-
tion with malignant tumors [14]. In our study, 124 out of 
174 MN patients with malignant tumors and 427 out of 
604 patients in the control group underwent glomeru-
lar PLA2R testing, with positivity rates of 72% and 50%, 
respectively. While PLA2R-positive cases are typically 

Malignant tumor group (n = 174) Control group (n = 604) P value
0 87 (59.2) 518 (85.8)
1 40 (27.2) 69 (11.4)
2 20 (13.6) 17 (2.8)
C1q < 0.001
0 120 (74.5) 579 (95.9)
1 28 (17.4) 23 (3.8)
2 13 (8.1) 2 (0.3)
IgG1 < 0.001
0 42 (29.0) 345 (57.1)
1 46 (31.7) 152 (25.2)
2 51 (35.2) 104 (17.2)
3 6 (4.1) 3 (0.5)
IgG2 < 0.001
0 84 (58.3) 575 (95.2)
1 40 (27.8) 26 (4.3)
2 20 (13.9) 3 (0.5)
IgG3 < 0.001
0 105 (72.4) 547 (90.6)
1 21 (14.5) 35 (5.8)
2 19 (13.1) 22 (3.6)
IgG4 < 0.001
0 30 (20.5) 0 (0)
1 11 (7.5) 73 (12.1)
2 71 (48.6) 395 (65.4)
3 34 (23.3) 136 (22.5)
PLA2R < 0.001
0 35 (28.2) 215 (50.4)
1 15 (12.1) 114 (26.7)
2 74 (59.7) 98 (23.0)

Table 2  (continued) 
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found in approximately 70% of primary MN patients, 
the relatively lower PLA2R positivity rate in the control 
group raises concerns. This inconsistency may be influ-
enced by factors such as testing methodology, sample 
selection, the single-center nature of our study, or the 
heterogeneity of the disease itself. These differences may 
affect the interpretation of our results, and we recom-
mend that future studies further investigate this aspect 
to better understand the potential impact of glomerular 
PLA2R deposition on malignancy. Additionally, recent 
studies investigating the incidence of malignant tumors 
in THSD7A-associated MN patients have reported 
similarly conflicting results [14, 18]. Notably, our study 
did not assess glomerular THSD7A deposition, and no 
significant difference in circulating anti-THSD7A anti-
bodies was observed between the two cohorts. Thus, 
the relationship between THSD7A-associated MN and 
malignancy remains an open question requiring further 
investigation.

The granular deposition of IgG along capillary walls is 
a hallmark of renal immunofluorescence in MN. Human 
IgG is divided into four subclasses (IgG1, IgG2, IgG3, and 

IgG4) based on variations in their heavy chain antigens. 
Distinct pathogenic antigens can lead to specific glomer-
ular IgG subclass deposition patterns, which aid in iden-
tifying the type and etiology of glomerular nephropathy 
[11]. For instance, the antibodies targeting PLA2R and 
THSD7A are predominantly of the IgG4 subclass, which 
corresponds to characteristic IgG4-dominant glomerular 
deposition in IMN. Nevertheless, the role of different IgG 
subclasses in MN pathogenesis remains unclear, and prior 
studies on glomerular IgG subclass distribution have 
yielded inconsistent results. Ohtani et al. compared glo-
merular IgG subclass deposition in 10 malignancy-asso-
ciated MN and 15 IMN patients, reporting significantly 
higher glomerular immunofluorescence intensity of IgG1 
and IgG2 in the malignancy group, while IgG4 deposition 
was similar to that in IMN [11]. Conversely, Qu et al. sug-
gested that the absence of glomerular IgG4 deposition 
could serve as an independent predictor for malignancy, 
based on their study of 8 malignancy-associated MN and 
42 IMN patients [12]. Lönnbro-Widgren et al. later dem-
onstrated a significant correlation between glomerular 
IgG4 and PLA2R deposition in malignancy-associated 

Table 3  Identification of potential risk factors of MN complicated with malignant tumors by univariate and multivariate regression 
analysis

Univariable Multivariable
OR 95%CI P value OR 95%CI P value

Male (%) 1.232 0.933–1.820 0.296
Age (years) 1.041 1.026–1.057 < 0.001 1.026 0.987–1.066 0.201
PLA2R Ab (RU/mL) 0.999 0.999-1.000 0.300
PLA2R Ab (+) 0.555 0.361–0.853 0.007 0.612 0.200-1.874 0.390
THSD7A Ab (ng/mL) 1.003 0.999–1.006 0.174
Hb (g/L) 0.977 0.966–0.987 < 0.001 0.974 0.946–1.003 0.077
GLU (mmol/L) 1.367 1.090–1.715 0.007 1.268 0.812–1.979 0.296
ALB (g/L) 1.020 0.991–1.051 0.183
ESR (mm/h) 1.018 1.0111.024 < 0.001 1.009 0.990–1.028 0.360
CRP (mg/L) 1.030 1.011–1.050 0.002 1.016 0.982–1.051 0.371
sCr (umol/L) 1.019 1.009–1.028 < 0.001 1.003 0.990–1.016 0.675
UA (umol/L) 1.001 0.998–1.003 0.530
24hUTP (g) 1.059 1.004–1.117 0.034 1.032 0.883–1.206 0.692
Pathological stage 1.763 1.247–2.493 0.001 1.555 0.683–3.539 0.293
Tubular atrophy 1.194 1.009–1.414 0.040 0.798 0.510–1.248 0.323
Interstitial fibrosis 1.107 0.888–1.380 0.365
Renal arteriole injury 2.592 1.978–3.398 < 0.001 1.560 0.797–3.052 0.194
IgG 2.551 1.791–3.632 < 0.001 2.147 0.957–4.815 0.064
IgM 2.941 2.240–3.863 < 0.001 1.053 0.524–2.118 0.884
IgA 7.148 3.923–13.023 < 0.001 2.980 1.071–8.291 0.036
C3 1.756 1.385–2.227 < 0.001 0.819 0.422–1.590 0.556
C4 2.872 2.031–4.062 < 0.001 0.737 0.289–1.878 0.523
C1q 7.018 3.877–12.706 < 0.001 1.162 0.205–6.567 0.865
IgG1 1.935 1.511–2.480 < 0.001 2.535 1.367–4.703 0.003
IgG2 8.476 4.929–14.574 < 0.001 5.185 1.689–15.917 0.004
IgG3 2.353 1.694–3.270 < 0.001 3.558 1.417–8.934 0.007
IgG4 0.506 0.379–0.674 < 0.001 0.435 0.194–0.974 0.043
PLA2R 2.217 1.670–2.944 < 0.001 3.167 1.559–6.431 0.001
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MN but found no significant differences in other IgG 
subclasses between 16 malignancy-associated MN and 
69 IMN patients [13]. In the present study, leveraging the 
largest sample size to date, we observed that increased 
glomerular deposition of IgG1, IgG2, and IgG3, along 

with decreased IgG4 deposition, were strongly associated 
with malignancy-associated MN. Furthermore, these 
patterns were identified as independent risk factors for 
predicting the occurrence of malignant tumors. These 
findings provide robust evidence to resolve some of the 

Fig. 4  ROC curves for the predictive model. (A) Training cohort. (B) Validation cohort

 

Fig. 3  Nomogram predicting the risk of malignant tumors in MN patients. The nomogram incorporates glomerular IgA, IgG1, IgG2, IgG3, IgG4, and PLA2R 
deposition as predictors. For each predictor, the corresponding point value is determined along the top scale, and the total points are calculated by sum-
ming the points for each predictor. The total points are then mapped to the predicted malignant tumor risk on the bottom scale
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controversies regarding the role of IgG subclasses in MN 
and underline their potential diagnostic value. However, 
we observed a puzzling result where, after adjusting for 
all IgG subclasses and PLA2R deposition in the multi-
variate logistic regression, PLA2R remained an inde-
pendent predictor of malignant tumors in MN, while 
IgG4 was inversely correlated with this risk. This finding 
seems counterintuitive, as PLA2R-positive MN is pri-
marily IgG4-restricted and is generally not associated 
with malignancy. This discrepancy may reflect the het-
erogeneous immune response, where malignancy could 
influence the immune system in a way that alters the 
typical distribution of IgG subclasses, leading to lower 
IgG4 levels. Tumor-associated immune mechanisms may 

contribute to shifts in the production of specific IgG sub-
classes, resulting in the observed difference.

Different IgG subclasses demonstrate varying capaci-
ties to fix complement, and the complement activa-
tion pathways differ among various disease types [19, 
20, 21]. However, our understanding of the precise role 
of complement activation in the pathogenesis of MN 
remains limited. C1q, the initial component of the clas-
sical complement pathway, serves as a key marker for the 
activation of this pathway [22]. Its elevated expression 
indicates complement activation through classical path-
ways. Moreover, in comparison to IMN patients, those 
with malignancy-associated MN exhibited significantly 
greater deposition of C3 and C4. This finding suggests 
enhanced formation of membrane attack complexes, 

Fig. 6  DCA curves for the predictive model. (A) Training cohort. (B) Validation cohort. The X-axis represents the high-risk threshold, which is the risk re-
quired to drive a specific treatment (ranging from 0 to 1). The Y-axis represents the standardized net benefit, which shows the net benefit across a range 
of threshold probabilities. The red line represents the predictive model, the gray line represents the “All” strategy (treating all patients), and the black line 
represents the “None” strategy (treating no patients)

 

Fig. 5  Calibration curves for the predictive model. (A) Training cohort. (B) Validation cohort. The X-axis represents the predicted probability, and the Y-
axis represents the actual occurrence probability. The diagonal dashed line labeled “Ideal” represents the ideal scenario where the predicted probabilities 
match the actual probabilities. The dashed line labeled “Apparent” represents the consistency between the predicted probabilities (calculated once 
based on the model) and the actual probabilities, while the solid line labeled “Bias-corrected” represents the result after bootstrapping the data used to 
construct the model
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leading to more severe renal damage. These observations 
align with our findings of heightened systemic inflam-
mation and increased 24hUTP in the malignant tumor 
group.

We also observed that glomerular IgA deposition is an 
independent risk factor in MN patients complicated with 
malignant tumors. This finding is consistent with previ-
ous studies that reported a higher incidence of glomeru-
lar IgA deposition in cancer patients. For example, one 
study documented glomerular IgA deposition in 8 out 
of 11 autopsied patients with malignancies such as lung, 
stomach, colon, and pancreatic cancer [23]. Similarly, 
another study identified glomerular IgA deposition in 3 
out of 18 lung cancer patients [24]. Furthermore, other 
studies have reported that the co-deposition of IgA and 
IgG in some MN patients is associated with second-
ary factors such as autoimmune diseases, hepatitis B 
infection, or kidney transplantation [25]. These associa-
tions suggest that malignancies may influence the renal 
immune microenvironment, although the precise mecha-
nisms remain unclear.

Wang et al. previously developed the first predictive 
model for malignancy-associated MN, incorporating 
62 MN cases and 385 IMN cases [26]. However, their 
findings did not demonstrate statistically significant dif-
ferences in key pathological indicators, such as PLA2R 
and IgG subtype deposition, as well as tubular atrophy 
and interstitial fibrosis. The discrepancies in findings 
and patient characteristics between the two studies may 
be attributed to differences in recruitment periods and 
inclusion criteria. In the present retrospective study, 
we developed and validated a risk predictive model for 
malignant tumors in MN patients based on critical path-
ological indicators, including the deposition of glomeru-
lar IgA, IgG1, IgG2, IgG3, IgG4, and PLA2R. The model 
exhibited excellent diagnostic performance, with AUC of 
0.893 in the training cohort and 0.943 in the validation 
cohort. Furthermore, the model demonstrated robust 
calibration capability and substantial clinical utility upon 
validation.

Our study has several limitations. First, as a retrospec-
tive study, it relies on medical records as the primary 
data source. This inherently limits the availability of com-
prehensive clinical and pathological information for all 
patients. For example, some MN patients complicated 
with malignant tumors did not undergo renal biopsy and 
were therefore not included in the analysis. Additionally, 
certain previously identified risk factors were not avail-
able, such as cystatin C levels, the extent of glomeru-
lar leukocyte infiltration, and glomerular expression of 
NELL1 and THSD7A. Second, the follow-up period 
was relatively short. For the non-cancer group, although 
malignancy was not identified after one year of follow-
up, it is important to note that this does not completely 

exclude the possibility of “subclinical” malignancy or 
other potential triggers for MN. Third, this is a single-
center study without external validation. Consequently, 
the generalizability of the predictive model to other 
populations remains uncertain. Future studies involving 
multi-center, multi-region, and larger sample sizes are 
essential to verify the applicability and robustness of our 
findings. Fourth, existing studies, including ours, have 
primarily focused on comparing the clinicopathological 
characteristics between idiopathic IMN and MN compli-
cated with malignant tumors or malignancy-associated 
MN. Further progress could benefit from integrating 
additional investigative methods. For example, a multi-
omics approach incorporating DNA, RNA, and protein 
profiling from serum samples of these patients could 
provide deeper insights into the molecular mechanisms 
underlying these associations.

Conclusions
Based on the largest cohort to date, our study revealed 
that MN patients with malignant tumors are character-
ized by older age and more severe clinicopathological 
manifestations. Notably, lower circulating anti-PLA2R 
antibody levels, increased glomerular PLA2R deposition, 
heightened glomerular IgG1, IgG2, and IgG3 deposition, 
and reduced glomerular IgG4 deposition were identi-
fied as potential indicators for the occurrence of malig-
nant tumors in MN patients. Additionally, we developed 
a robust predictive model for malignant tumors in MN 
patients, validated to demonstrate high accuracy.
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