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Development and internal validation of a novel
model and markers to identify the candidates for
lymph node metastasis in patients with prostate

cancer
Hai-ming Cao, MS?, Zi Wan, MD®, Yu Wu, MS?, Hong-yang Wang, PhD®, Chao Guan, BS*"

Abstract \
Background High-grade prostate cancer (PCa) has a poor prognosis, and up to 15% of patients worldwide experience lymph |
node invasion (LNI). To further improve the prediction lymph node invasion in prostate cancer, we adopted risk scores of the genes
expression based on the nomogram in guidelines.

Methods \We analyzed clinical data from 320 PCa patients from the Cancer Genome Atlas database. Weighted gene coexpression
network analysis was used to identify the genes that were significantly associated with LNI in PCa (n=390). Analyses using the Gene
Ontology and Kyoto Encyclopedia of Genes and Genomes databases were performed to identify the activated signaling pathways.
Univariate and multivariate logistic regression analyses were performed to identify the independent risk factors for the presence of
LNI.

Results We found that patients with actual LNI and predicted LNI had the worst survival outcomes. The 7 most significant genes
(CTNNALT, ENSA, MAP6D1, MBD4, PRCC, SF3B2, TREML1) were selected for further analysis. Pathways in the cell cycle, DNA
replication, oocyte meiosis, and 9 other pathways were dramatically activated during LNI in PCa. Multivariate analyses identified that
the risk score (odds ratio [OR]=1.05 for 1% increase, 95% confidence interval [CI]: 1.04-1.07, P <.001), serum PSA level, clinical
stage, primary biopsy Gleason grade (OR=2.52 for a grade increase, 95% Cl: 1.27-5.22, P=.096), and secondary biopsy Gleason
grade were independent predictors of LNI. A nomogram built using these predictive variables showed good calibration and a net
clinical benefit, with an area under the curve (AUC) value of 90.2%.

Conclusions In clinical practice, the application of our nomogram might contribute significantly to the selection of patients who are
good candidates for surgery with extended pelvic lymph node dissection.

Abbreviations: AUC = area under the curve, DEG = differentially expressed genes, DFS = disease free survival, ePLND =
extended pelvic lymph node dissection, GO = gene ontology, KEGG = Kyoto Encyclopedia of Genes and Genomes, LASSO = Least
absolute shrinkage and selection operator, LNI = lymph node invasion, OS = overall survival, PRAD = Prostate adenocarcinoma,
PCa = prostate cancer, PSA = prostate specific antigen, gRT-PCR = quantitative real time-PCR, RS = risk score, TCGA = The

Cancer Genome Atlas, WGCNA = weighted gene coexpression network analysis.
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1. Introduction

High-grade prostate cancer (PCa) has a poor prognosis, and up to
15% of patients worldwide experience lymph node invasion
(LNI)."! Radical prostatectomy coupled with extended pelvic
lymph node dissection (ePLND) remains the principal surgical
procedure for these patients.!*! LNT is significant for the diagnosis
of PCa, as it could not only predict the prognosis of patients but
also play a decisive role in their surgical treatment. Therefore,
predicting the occurrence of LNI is of vital clinical significance. At
present, several nomograms can be used to predict the occurrence
of LNI in PCa patients,®! and they all show good predictive
accuracy. However, these models are based on traditional
biopsies or imaging-based diagnoses. Additionally, clinical
imaging techniques have limited sensitivity for detecting
LNL7] Hence, to overcome these drawbacks, a non-invasive
and simple method to accurately predict LNI is urgently needed.

Published studies® 1% have suggested that molecular biomark-
er analysis is a good method for predicting the prognostic
outcome of PCa patients; it is also a promising and powerful
method to predict the occurrence of LNI in PCa patients. Levels
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of gene expression'' 13! have been shown to be associated with
LNI in PCa patients. By utilizing microarray data, we were able to
use the method of applied weighted gene coexpression network
analysis (WGCNA) to identify the hub genes. Thus, using the
identified hub genes, we investigated an optimal gene signature to
predict the occurrence of LNI in PCa patients. Recently, some
studies!"* " have demonstrated that the combination of several
genes had the ability to predict lymph node metastasis in
malignant tumors. However, the predictive ability of gene
signatures in PCa is still unknown.

The primary aim of this study was to evaluate the LNI-
predictive value of the gene signature of PCa and to develop a
gene-based risk score for predicting LNI. In the current study, we
examined the predictive ability of the base module combined with
the risk score for predicting LNI in PCa patients. We also found
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that the risk score was significantly associated with poor
prognosis in PCa patients.

2. Materials and methods

2.1. Patient population

The standardized level 3 RNA sequencing data of Prostate
adenocarcinoma patients and the corresponding clinical records
in The Cancer Genome Atlas (TCGA) were obtained from the
FireBrowse (http:/firebrowse.org). A total of 320 PCa patients’
clinical and pathologic data were obtained from the TCGA
database (without missing values of gene and clinical informa-
tion). LNI in patients was confirmed by pathology. A total of 390
patients’ genes data was complete. The RNAseq by Expectation-

The clinicopathological characteristics of LNI patients versus non-LNI patients.

Overall pNO pN1 P value
n=2320 (100%) n=258 (80.6%) n=62 (19.4%)

Age at diagnosis, yr .86
Mean (median) 60.9 (61) 60.9 (61) 60.7 (61)
IQR 56-66 56-66 56-65.5

History of prior malignancy 79
Yes 305 (95.3) 245 (95) 60 (96.8)
No 15 (4.7) 13 () 2 (3.2

PSA level, ng/mL <.001
Mean (median) 11.19 (7.5) 10.05 (7) 15.89 (10.07)
IQR 5.2-11.25 5-10.03 7.1-17.85

Clinical stage (%) <.001
1k 129 (40.3) 112 (43.4) 17 (27.4)
T2 149 (46.6) 117 (45.3) 32 (561.6)
T3 42 (13.1) 29 (11.3) 13 (21)

Primary Gleason grade (%) <.001
<3 108 (33.9) 105 (40.7) 3 4.9
>4 212 (66.2) 153 (59.3) 59 (95.1)

Second Gleason grade (%) <.001
<3 90 (28.1) 82 (31.8) 8 (13)
>4 230 (71.9) 176 (68.2) 54 (87)

No. of removed and examined lymph nodes .07
Mean (median) 13 (11) 12.3 (10) 15.6 (14)
IQR 6-17 5-17 10.5-19

No. of positive lymph nodes in patients with LNI NA
Mean (median) 2.3 (1) NA 2.3 (1)
IQR 1-25 NA 1-25

Positive surgical margins (%) <.001
RO 213 (66.6) 191 (74) 22 (35.5)
R1 90 (28.1) 55 (21.3) 35 (56.5)
R2 309 2 (0.8) 1(1.6)
NA 14 (4.4) 10 (3.9) 4 (6.4)

Pathologic stage <.001
pT2 113 (35.3) 111 (43) 2 (3.2
pT3a 109 (34.1) 94 (36.4) 15 (24.2)
pT3b 90 (28.1) 48 (18.6) 42 (67.7)
pT4 6 (1.88) 3(1.2 349
NA 2 (0.62) 2(0.8) 0(0)

Pathologic Gleason score <.001
<7 17 (6.3) 17 (6.6) 0(0)
=7 158 (49.4) 145 (56.2) 13 (21)
>7 145 (45.3) 96 (37.2) 49 (79)

Overall survival time, d .96
Mean (median) 761.3 (545.5) 760.4 (529) 764.9 (636.5)
IQR 212.5-1022.5 202.8-1000.2 227.5-1246.5
NA (no. of patients) 6 3 3

IQR = interquartile range; LNI=Ilymph node invasion; NA=not available; PSA=prostate-specific antigen.
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Maximization (RSEM) values were utilized to quantify the
mRNA expression levels.

2.2. Weighted gene coexpression network analysis and
functional enrichment analysis

A total of 390 patients’ genes data was complete. We find
significant genes by WGCNA. Subsequently, the KEGG signaling
pathways were coordinated by R package components such as
ClusterProfiler, Pathview (http://www.bioconductor.org/) and
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Stringi (https://cran.r-project.org/). Cytoscape software (http://
www.cytoscape.org/) was then used to convert the enriched
analysis data into visual images.

2.3. Statistical methods

Continuously coded variables were reported as the mean,
median, and interquartile range (IQR) and analyzed by ¢ test.
Categorical variables were reported as frequencies and propor-
tions and analyzed by chi-square test. We identified signatures
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Figure 1. A. Pathological methods were used to predict the probability of LNI. NO: no lymph node invasion (LNI) confirmed by pathology; N1: lymph node invasion
(LNI) confirmed by pathology; LNI: lymph node invasion. B. Comparison of 5-year patient survival between subgroups with different LNI statuses. N (+, +): actual LNI
and predicted LNI; N (-, +): no actual LNI but predicted LNI; N (+, —): actual LNI but no predicted LNI; N (-, -): no actual LNI and no predicted LNI. LNI=lymph node

invasion.
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Figure 2. Weighted gene coexpression network analysis (WGCNA) of LNI prostate cancer. A. Correlation between 22 modules (2294 genes) and LNI. B. Visual
representation of the WGCNA of the 22 modules (2294 genes). LNI=lymph node invasion.
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using least absolute shrinkage and selection operator (LASSO)
regression. Univariable and multivariable logistic regression
models were used to predict the occurrence of LNL

The discrimination accuracy of multivariable models based on
these variables in our cohort was quantified by the value of the
area under the curve (corrected-AUC was calculated using a 200-
resample bootstrap). The extent of over- and underestimation of
pathologically confirmed versus nomogram-predicted LNI was
graphically explored using a calibration plot. To determine the
clinical net benefit associated with the use of the nomogram, we
conducted a decision-curve analysis (DCA). The calibration and
DCA were corrected for overfit using 10-fold cross validation.
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Statistical analyses in the study were performed using the R
statistical package v.3.3.2 (R Project for Statistical Computing).
All statistical tests were 2-sided, and P < .05 was considered to be
statistically significant.

3. Results

3.1. Clinicopathological characteristics of PCa patients

First, we analyzed clinical data from 320 PCa patients obtained
from TCGA database. The clinicopathological characteristics of
LNI patients and non-LNI patients are compared in Table 1. We
found that the serum level of prostate specific antigen (PSA) was
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Figure 3. Gene significance for pathological lymph node metastasis in the 5 significant modules (blue, brown, greenyellow, grey60, tan) according to correlation

and P value.
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much higher in LNI patients than in non-LNI patients (15.89 vs
10.05ng/mL, P<.001). In addition, LNI patients had higher
tumor grade (including clinical stage, primary and secondary
biopsy Gleason grade, pathologic stage, and pathologic Gleason
score) than non-LNI patients (all P<.001).

3.2. Lymph node invasion is associated with the inferior
outcome in PCa patients

Traditionally, LNI prediction models were commonly used to
confirm the presence of LNI. However, LNI prediction models
could not absolutely distinguish between LNI and non-LNI
(Fig. 1A). Thus, it was very necessary to develop a better model to
predict the presence of LNIL.

Patients with actual LNI and predicted LNI had the worst
survival outcomes, and patients with actual non-LNI or predicted
non-LNI had the best survival outcomes. However, patients with
actual non-LNI and predicted LNI or actual LNI and predicted
non-LNI had significantly lower 5-year survival rates than
patients with actual non-LNI and predicted non-LNI (Fig. 1B).

3.3. Weighted gene coexpression network analysis

WGCNA was built from 53,324 genes that were identified as
being associated with LNI in 390 PCa, and 89 modules were
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identified. Figure 2 shows the visual representation of WGCNA
of 22 modules. Then, we selected the 5 most significant modules
based on correlation with the LNI and P values from the 22
modules for further analysis (Fig. 3).

3.4. Gene ontology and pathway analysis

A total of 2294 genes and 22 modules associated with LNI were
identified in PCa. The Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) analyses are
presented in Fig. 4. KEGG analysis revealed that pathways
involved in the cell cycle, DNA replication, Fanconi anemia,
oocyte meiosis, progesterone-mediated oocyte maturation, base
excision repair, p53 signaling, cellular senescence, measles,
alcoholism, homologous recombination, and mismatch repair
were dramatically activated in PCa with LNI (Fig. 4D).

3.5. Identification of the 7-gene signature and its
association with the survival of PCa patients

We used 7 genes (CTNNAL1, ENSA, MAP6D1, MBD4, PRCC,
SF3B2, TREMLI1) to generate a signature using LASSO
regression from 904 genes in the 5 most significant modules.
The risk score was calculated for each of the 390 patients from
TCGA, and patients in every grade were then successfully divided
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Figure 5. Prognostic value of the expression of 7 genes in PCa patients. A.
Analysis of overall survival (OS) and disease-free survival (DFS) in 390 PCa
patients from TCGA database by TREML1 expression. B. Analysis of OS and
DFS in 390 PCa patients from TCGA database by CTNNAL1 expression. C.
Analysis of OS and DFS in 390 PCa patients from TCGA database by ENSA
expression. D. Analysis of OS and DFS in 390 PCa patients from TCGA
database by MAPED1 expression. E. Analysis of OS and DFS in 390 PCa
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into a high-gene expression group and a low-gene expression
group based on a cutoff value (the median risk score). PCa
patients in the high-gene expression group had significantly
shorter disease-free survival (DFS) and overall survival (OS) than
those of the low-gene expression group (all P<.05, Fig. SA-G).

Additionally, we found that the 7 genes were significantly
differentially overexpressed in LNI PCa compared with non-LNI
PCa (all P<.001, Fig. 6).

3.6. Risk factors for lymph node invasion

Univariate and multivariate logistic regression analyses were
performed to identify independent risk factors for the presence of
LNI (Table 2). In the univariate analysis, the variable of risk score
was the most accurate predictor (corrected AUC=86.7%),
followed by clinical stage (74.3 %), primary biopsy Gleason grade
(73.2%), serum PSA level (68.1%), and secondary biopsy
Gleason grade (64.1%). In the multivariate analysis, we found
that the risk score (OR=1.05 for 1% increase, 95% CI: 1.04—
1.07, P<.001), serum PSA level, clinical stage, primary biopsy
Gleason grade (odds ratio [OR]=2.52 for a grade increase, 95 %
confidence interval [CI]: 1.27-5.22, P=.096) and secondary
biopsy Gleason grade were independent predictors of LNI. Based
on the 5 predictors, we developed a full model for predicting LNI,
and the corrected AUC value was 90.2%. Interestingly, when the
variable of risk score was removed from the full model, namely,
the base model that identified the 4 predictors (serum PSA level,
clinical stage, primary Gleason grade, and secondary Gleason
grade), the corrected AUC value dropped to 83.7%.

Then, a nomogram was developed (Fig. 7). The nomogram
displayed the multivariable analysis effect of predictors on the
risk of LNI. The calibration plot of the predicted probabilities
against the observed LNI rates indicated good concordance
(Fig. 8A). Additionally, the decision curve analysis demonstrated
that the full model had the highest clinical net benefit across the
entire range of threshold probabilities (Fig. 8B).

4. Discussion

Although ePLND represents the gold standard of treatment in
LNI PCa,?! given the increased and serious complications related
to this procedure,"® an ePLND should be considered only in men
with very high risk of LNI. Therefore, accurate identification of
these high-risk patients could greatly help to avoid unnecessary
ePLND treatment. In the present study, on the basis of traditional
predictive variables, we incorporated the risk scores of the gene
signature and developed a novel nomogram to predict LNI in PCa
patients. We showed that the nomogram has high accuracy in
detecting LNI (AUC value=90.2%); in addition, its calibration
also has good concordance between predicted and observed LNI
probabilities. The decision curve analysis demonstrated that the
full model had the highest clinical net benefit across the entire
range of threshold probabilities.

Currently, there are several nomograms that predict the
occurrence of LNI in PCa patients. The accuracy of the first
nomogram was not high (AUC=76%), and the latest nomogram

[19-21]

patients from TCGA database by MBD4 expression. F. Analysis of OS and DFS
in 390 PCa patients from TCGA database by PRCC expression. G. Analysis of
OS and DFS in 390 PCa patients from TCGA database by SF3B2 expression.
PCa=prostate cancer, TCGA=The Cancer Genome Atlas.




Cao et al. Medicine (2019) 98:30

www.md-journal.com

ATH_N_STAGE F 1 0

variable: CTNNAL1 variable: ENSA variable: MAPED1
p=21e-08 *p=13e-08 151 4 ° Pp=TS5e09
754 e :-.‘ .:. .- L]
. . Il -. 104
504 o 3
* 9 e .
° 3
04 04
variable: PRCC variable: SF3B2 variable: MBD4
p=3.4e-08 p=5.1e-08 154 p=21e-08
751
10
g 501 i
[
* - = .- 8, 5 o [®
254 [T A -‘_ ™
-.
01 01 e
variable: TREML1 1 0 : 0
1.004 p = 2.3e-06
0.754 * %
- -
0.504
0.25
0.00+4 ’
0
ATH_N_STAGE

Figure 6. Upregulation of the expression of 7 genes in LNI PC (the blue in figure) compared with non-LNI PCa (the yellow in figure). The single spot represents the
relative expression value of the gene from an individual patient. The thick line in the middle represents the median value. LNI=Ilymph node invasion.

had higher accuracy, but it was based on biopsy data. The
previous prediction nomogram was based on detailed biopsy
data obtained at the central pathologic review.!'”! This highlights
the need for simple and efficient methods that can detect LNI in
PCa patients with increased accuracy. In our study, the
nomogram was built on predictive variables, including a 7 gene
signature-based risk score, serum PSA level, clinical stage,
primary biopsy Gleason grade, and secondary biopsy Gleason
grade. We showed that combining existing clinical variables with
our newly developed gene signature-based risk scores could
enhance the detection accuracy of LNI in PCa patients. We note

that these predictive variables were all convenient parameters;
they do not depend on preoperative biopsies or image-based
examination. Hence, our nomogram is a non-invasive and simple
method for predicting LNI.

Prior studies have noted the importance of gene signatures in
the prognosis of PCa. Jin et al®?! demonstrated that an NF-kB-
activated recurrence predictor 21 gene signature could predict
disease-specific survival and distant metastasis-free survival in
patients with PCa, although the study used molecular biological
methods. Recently, another study'?! identified a 24-gene
signature that was significantly associated with the development

Univariable and multivariable logistic regression analysis predicting the presence of lymph node invasion.

Univariable analysis

Multivariable analysis

Base model Full model

Covariates 0dds ratio (95% Cl) P value AUC (%) 0dds ratio (95% Cl) P value 0dds ratio (95% Cl) P value
PSA level, ng/mL 1.03 (1.01-1.06) .002 68.1 1.02 (0.99-1.05) .089 1.02 (0.99-1.05) 15
Clinical stage - <.001 74.3 - .009 - .006
Primary Gleason grade 4.8 (2.84-8.5) <.001 73.2 2.17 (2.9-9.77) <.001 2.52 (1.27-5.22) .096
Second Gleason grade 2.23 (1.44-3.52) <.001 64.1 2.2 (1.41-3.51) <.001 1.41 (0.82-2.45) 21
Risk score, % 1.07 (1.05-1.09) <.001 86.7 - - 1.05 (1.04-1.07) <.001
AUC of multivariable models, % - - - 83.7 90.2

AUC=area under the curve; Cl=confidence interval; PSA=nprostate specific antigen.
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of metastasis and prostate cancer-specific mortality after radical
prostatectomy. However, the importance of gene signatures in
predicting LNI in PCa is not fully understood. In the present
study, the predictive accuracy of the 7 genes to distinguish tissues
with LNI and those without LNI was measured by ROC curve
analysis. In the Cox analysis, gene signature-based risk scores
were also the single most powerful predictor of LNI. The 7-gene
signature could be of particular use in situations when predictions
of the occurrence of LNI are ambiguous or borderline.
Additionally, the 7-gene signature in our analysis could promote
the initiation of additional therapies to treat LNI and allow for
personalized treatment for patients.

In our study, by using bioinformatic analyses, we found that
the 7 gene signature-based risk score was an important
independent predictor of LNIL Clearly, we need to further!*"!
understand how the 7 key genes affect the development of LNI. A
previous study reported that CTNNAL1 was associated with
pelvic lymph node metastasis in early-stage cervical cancer; in
addition, CTNNAL1 can downregulate E-cadherin and promote
melanoma progression and invasion.!**! It has been demonstrat-
ed the MBD4 gene was associated with PCa progression, and
MBD4 was upregulated in metastatic PCa samples when
compared with the expression in primary tumors.!*®! SF3B2,
as one of the genes of the spliceosome pathway, was overex-
pressed in hepatocellular carcinoma,'*”! but its specific role in

PCa remains unknown. It has been reported that MAP6D1 was
overexpressed in late stage clear cell renal cell carcinoma.l?®!
Based on the evidence described above, these genes appear to play
important roles in the progression or metastasis of malignant
tumors.

By applying novel analysis methods, we developed a new
nomogram for predicting the occurrence of LNI in PCa patients.
However, this study has several limitations that should be noted.
First, our study had a small sample size, which was obtained from
TCGA. Our study included 320 PCa patients, while previous
nomograms included >500 patients each.®* Additionally,
although our nomogram has good concordance between
predicted and observed LNI probabilities, it was not validated
by an external validation cohort from another hospital. Further
research should be undertaken to verify the predictive accuracy of
our nomogram. Moreover, we identified the top 7 hub genes
(TREML1, CTNNAL1, ENSA, MAP6D1, MBD4, PRCC, and
SE3B2), which were closely related to LNI in PCa. However,
their expression was not validated in PCa tissue samples by
quantitative real-time PCR (qRT-PCR).

In summary, we have established that the risk score of the
7-gene signature was associated with a high risk of LNI in PCa
patients. The present model improves the ability to identify
patients at a high risk of LNI, and it could provide a practical
guide for clinicians to more accurately identify patients who
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Figure 8. Calibration plot for the nomogram and decision curve analysis of the logistic model. A. A calibration plot for the nomogram. The dotted line indicates the
location of the ideal nomogram, in which the predicted and actual probabilities are identical. The broken line indicates the actual nomogram performance. The
expected performance on future data is represented by the solid line. B. A decision curve analysis of the logistic model. It demonstrated that the net benefit
associated with the use of the nomogram with (full model) or without (base model) the inclusion of the risk score as covariate. The net benefit can be interpreted as
the proportion of all patients who have LNI and are recommended for extended pelvic lymph node dissection if no patients with negative lymph nodes were treated.
LNI=Ilymph node invasion.

require surgery with ePLNDs. In clinical practice, the application  and Technology of China), Jianming Zeng (CEO of biotrainee.
of our nomogram might contribute significantly to the selection ~ com), and Qiannan Yang (his wife of HMC).
of patient candidates for surgery with ePLND.
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