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Abstract: The early detection of renal cell carcinoma (RCC) using tumor markers remains an attractive
prospect for the potential to downstage the disease. To validate the scale-up clinical performance of
potential tumor markers for RCC (as a single marker and as a composite tumor marker composed
of nicotinamide N-methyltransferase (NNMT), L-Plastin (LCP1), and non-metastatic cells 1 protein
(NM23A)), the scale-up assay was performed. Patients with RCC from multiple domestic institutes
were included in the clinical evaluation for reassessment and improvement of the established triple
markers of our product. For the diagnostic performance of the composite markers, the best-split
cutoff points of each marker (147 pg/mL for NNMT, 1780 pg/mL for LCP1, and 520 pg/mL for NM23A)
were installed. Serum levels of NNMT, LCP1, and NM23A were greatly increased in subjects with
RCC (p < 0.0001). In 1042 blind sample tests with control individuals (n = 500) and patients with
RCC (n = 542), the diagnostic sensitivity and specificity of the composite three-marker assay were
0.871 and 0.894, respectively, and the resulting AUC (Area under Curve) of ROC (Receiver Operating
Characteristic) was 0.917. As a single marker, the diagnostic accuracies of NNMT, LCP1, and NM23A,
as estimated by ROC, were 0.833, 0.844, and 0.601, respectively. The composite three-marker assay
with NNMT, LCP1, and NM23A is a more improved novel serum marker assay for the early detection
of RCC in cases of renal mass or unknown condition. The NNMT, LCP1, and NM23A triple marker
assay could be a powerful diagnostic tumor marker assay to screen the early stage of RCC.
Keywords: renal cell carcinoma; biomarker; multiplexed immunoassay; diagnosis

1. Introduction
Renal cell carcinoma (RCC) is the third most common urological malignancy, representing
approximately 2–3% of all malignancies worldwide, and it is notorious for having a dismal prognosis [1].
The three major subtypes of RCC, clear cell, papillary, and chromophobe, are classified based on
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histologic and cytogenetic features and have been well correlated with biologic behavior [2,3]. The zone
of RCC is quite variable in prognosis, ranging from indolent behavior in chromophobe RCC to
aggressive behavior in the clear cell subtype of RCC with the loss of chromosome 3p [2,3]. Due to the
lack of curative therapy and high metastasis rate (up to approximately 30% overall and 15–25% at
presentation), RCC is one of the most refractory malignancies and is very refractory to conventional
chemotherapy [1–3]. Renal cancer is notorious for contributing to a greater average number of years of
life lost than colorectal or prostate cancer [4].
The established risk factors for RCC include alcohol consumption and occupational exposure
to trichloroethylene (TCE), as well as three well-known factors—cigarette smoking, obesity, and
hypertension [5]. The incidence of RCC is perpetually increasing up to 50% [6]; it is more prevalent in
developed countries, which is probably associated with an increased detection of renal masses due
to imaging modalities. In general, the diagnostic procedure of renal masses is a tedious, laborious,
and incidental process, with initial screening by corporal imaging methods and subsequent histological
analysis. Furthermore, asymptomatic RCC could be a leading cause of missing detection of renal mass.
Despite the importance of early diagnosis and screening for renal masses, little success in screening
for RCC has been achieved over the last decade [7,8]. We previously reported the identification and
verification of triple markers for the early detection of RCC and suggested their potential as promising
biomarkers [9]. Nicotinamide N-methyltransferase (NNMT), L-plastin (LCP1), and nonmetastatic cells
1 protein (NM23A) were explored to evaluate the diagnostic potential of these serum/plasma markers.
A feasible multiplex (three-plex) assay for composite markers was also developed to evaluate the
analytical and clinical performance [10]. In this study, an expanded clinical study was performed to
evaluate the clinical performance of this three marker assay with more scale-up multi-center samples.
2. Materials and Methods
2.1. Clinical Samples
A total of nine institutes participated in this study by providing healthy or patient specimen
collections. Serum samples were obtained from these institutes after obtaining written informed consent
and under reviewed the Institutional Review Board of the Severance Hospital (IRB no. 4-2016-1086,
2 February 2017). Participant demographics are summarized in Table 1. Patient serum was collected
the day before surgery from 542 subjects within one to six weeks after diagnosis [11]. Patients were
diagnosed with RCC by imaging modalities and confirmed by histopathologic analysis. Control serum
(n = 500) was obtained from healthy individuals. Serum from healthy individuals were obtained from
Kyungpook National University Hospital (n = 150), Ajou University Hospital (n = 200), Jeju National
University Hospital (n = 50), and the Korea Institute of Radiological and Medical Sciences (KIRAMS)
Radiation Biobank (KRB) (n = 100). Patient serum (n = 542) was obtained from Chonbuk National
University Hospital (n = 7), Gyeongsang National University Hospital (n = 11), Pusan National
University Hospital (n = 18), Chonnam National University Hwasun Hospital (n = 77), and Seoul
National University Hospital (n = 429).
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Table 1. Participant demographics.

Sex

Combined Total (n = 1042)

Test Group (n = 1042)

Control (n = 500)

Control (n = 500)

Healthy (n = 500)
Benign (n = 0)

500 (100%)
0 (0%)

Male

Female

Age
Median

188
(38%)

312
(62%)

46.8

RCC (n = 542)
Sex

RCC (n = 542)

Male

Female

Age
Median

352
(65%)

190
(35%)

60
Pathologic T(pT) Stage

Cell Type
Clear Cell RCC (n = 351)
Papillary RCC (n = 96)
Chromophobe RCC (n = 71)
Unclassified/Other RCC (n = 25)

351 (64.8%)
96 (17.7%)
71 (13.1%)
25 (4.6%)

Total

I

II

III

IV

Missing

268
83
55
15

39
6
10
3

40
6
6
2

3
1
0
0

1
0
0
5

421(77.5%)

58(10.7%)

54(9.9%)

4(0.7%)

6(1.1%)

RCC, Renal Cell Carcinoma.

2.2. Sample Preparation
Only serum samples were used as the biospecimens for this study. Serum samples were collected
under controlled guidelines and by standardized operating procedures reviewed by the National
Korea Biobank. In brief, after collection of whole blood in a serum-separating tube (SST) or plain tube,
it was kept at 4 ◦ C for up to 1 h before separation. Clots were removed by centrifuging at 1000–2000× g
for 10 min. The serum was divided into five aliquots and stored at −80 ◦ C.
2.3. Recombinant Antigens and Antibodies
Recombinant protein production as antigens or calibrators, antibody generation, and biotin
conjugation of detection antibodies was performed as described previously [9,10]. In brief, recombinant
proteins were prepared from cDNA for full-length NNMT (NM_006169), LCP1 (NM_002298.4), and
NM23A (NM_198175.1).
2.4. Antibody Conjugation to Beads
For the microsphere immunoassay, antibody conjugation was performed according to the
manufacturer’s instructions. All procedures were done at room temperature. In brief, anti-NNMT IgG,
anti-LCP1 IgG, and anti-NM23A IgG were conjugated to bead 63, bead 17, and bead 33 (Luminex Corp.,
Austin, TX, USA) respectively. Beads washed with deionized water were transferred to phosphate buffer.
N-hydroxysulfosuccinimide sulfo-NHS (NHS) and 1-ethyl-3(3-dimethylaminopropyl)-carbodiimide
hydrochloride (EDC) were added and incubated for 20 min. Modified beads were washed twice with
50 µL coupling solution (50 mM 2-(N-morpholino) ethanesulfonic acid (MES)) and resuspended in
20 µL of the same solution. Ten microliters of antibody solution (1 mg/mL) were added to the beads,
and with coupling solution, the final volume was adjusted to 100 µL. Antibody coupling was done
by incubating for 2 h with gentle rotation. After the coupling reaction, antibody-conjugated beads
were washed twice with 200 µL of storage solution (Phosphate buffered saline (PBS) containing 0.05%
Tween 20, 0.1% bovine serum albumin (BSA) and 0.05% sodium azide). The resulting antibody–bead
conjugate in 100 µL of the solution was counted and stored at 2–8 ◦ C (in the dark).
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2.5. Multiplexed Microsphere Bead-Based Immunoassay
A bead-based sandwich immunoassay was developed as a 3-plex assay for NNMT, LCP1,
and NM23A using bead-capture antibody conjugates, biotin-conjugated detection antibodies, and
phycoerythrin-conjugated streptavidin (Invitrogen, MA, USA). The assay was performed in a 96-well
assay plate (SPL Life Sciences, Billerica, MA, USA) at room temperature. For the entire assay procedure,
incubations were done by agitating at 500 rpm. Throughout all assay steps, assays were done in an
all-in-one reaction solution without a solution draining and washing step. Recombinant proteins
and bovine serum were used to prepare standard calibrators and their dilution matrix as a mimic of
the human serum samples. Bead suspensions containing 1000 conjugated beads in 40 µL of assay
solution (50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)), 150 mM NaCl, 1% BSA,
and 5 mM CaCl2 ) were transferred to each well of the assay plate and 10 µL of serum samples
or calibration solutions were added and incubated for 20 min. Ten microliters of biotin-labeled
antibody (0.02 mg/mL of anti-NNMT IgG, 0.04 mg/mL of anti-LCP1 IgG, 0.02 mg/mL of anti-NM23A
IgG) was added and incubated for an additional 20 min. Without washing, 10 µL of phycoerythrin
(PE)-conjugated streptavidin (20 µg/mL) in incubation solution was added and incubated for 25 min.
Without washing, 70 µL of dilution solution containing 20mM HEPES pH7.5, 150 mm NaCl, 0.1%
Tween 20, and 2.5% ethanol was added and mixed thoroughly for 5 min. The median fluorescence
intensity (MFI) of reaction products was read with the Luminex100 system.
2.6. Analytical Performance Validation
The analytical performance of this 3-plex assay for NNMT, LCP1, and NM23A in human serum
were assessed and validated under the guidelines from the International Medical Device Regulators
Forum (http://www.imdrf.org). Assessment of the accuracy of measurement, the sensitivity of
analysis, measuring range, and linearity of the assay were included in the validation of analytical
performance. For assessment of trueness of accuracy, the analytes (triple markers) spiked in pooled
normal human serum were assayed at low, middle, and high concentration, and recovery was
calculated. The assessment of repeatability and reproducibility for the precision of accuracy was also
performed. Repeatability assessment was done by measuring within-run variability with analytes in
the calibration matrix and human serum. Variability was presented in terms of coefficient of variation
(%CV). Reproducibility estimation was performed by measuring the variation of between-run assays
on three independent days. For assessment of the analytical performance of sensitivity, the limit of
quantification (LoQ) and limit of detection (LoD) were also calculated. LoD was measured by adding 3
standard deviations (SD) to the mean value of 11 samples of the blank matrix. Low LoQ (LLoQ) was
estimated by measuring the mean value of 11 samples of whole range calibration solution. Acceptance
criteria for LLoQ were relative error (RE) < ±20% and CV < 20%. For linearity of dilution, a serial
dilution of calibrators was measured, and the slope was calculated. The dilution of calibrators was
done with a matrix or with human serum in the series of seven 3-fold serial dilutions for the whole
range of calibration solutions.
2.7. Data Analysis
For statistical analyses, MedCalc software (Ver.12.3.0.0, http://www.medcalc.be) was used. Pearson
correlation coefficient (R2 ) was used for linear regression. For assessment of the significance of the
difference in concentration of serum tumor markers between control individuals and RCC patients,
the Mann–Whitney test (independent samples) was used as a rank-sum test. Receiver operating
characteristic (ROC) analysis was used for diagnostic sensitivity, specificity, and accuracy (AUC)
analysis. An algorithm score generation was adopted to facilitate the evaluation of the diagnostic
performance of a three-marker combination. The scoring procedure for determining the best cut-point
was described in a previous study [10]. In brief, the best cut-points for serum tumor marker
concentrations were determined at the highest criteria of the Youden Index using ROC analysis of
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the training group (consisting of control and cancer sample donors). Based on the serum tumor
marker concentration from the 3-plex assay, individuals were assigned a score of 0 (≤ cut-point) or
1 (> cut-point) for each marker, and as the sum of three markers, a score ranging from 0 to 3 was
finally assigned. The best cut-point (cut-off) concentration of the three markers used in this study was
147 pg/mL for NNMT, 1780 pg/mL for LCP1, and 520 pg/mL for NM23A, respectively, as determined
in a previous [10] and unpublished study.
3. Results
3.1. Validation of Analytical Performance
In our previous study, the analytical performance of this three-plex assay was assessed and
validated with human plasma samples [10]. In this study, all the samples to be tested were human
serum specimens. Then, validation of the analytical performance of this assay for NNMT, LCP1,
and NM23A in human serum was performed and validated (Supplementary Materials S1).
For a within-run and between-run assay, acceptance criteria (%CV) were within 20%.
The within-run assay for the precision of repeatability and the between-run assay for reproducibility
through three independent days were within 3.4–19.8% and within 1.1–17.1%, respectively.
The precision of repeatability of the assay with the matrix (3.6–19.8%) and human serum (3.4–17.6%)
was comparable. The acceptance criteria (%CV) for trueness of accuracy were below ±10%.
The concentration of three markers spiked in human normal serum was assayed and the recovery was
calculated. The recovery of NNMT at low (296 pg/mL), middle (2667 pg/mL) and high (24,000 pg/mL)
concentration was 108% (88–116%, 95% confidence interval), 92% (77–102%) and 102% (91–112%),
respectively. At all three low, middle, and high concentrations, the mean recovery triple marker of the
three-plex assay was within ±10%. Because of the analytical sensitivity from estimated LoD and LLoQ,
the three-plex assay appeared to be highly sensitive. The LoD for NNMT, LCP1, and NM23A was
76.7 pg/mL, 193 pg/mL, and 147.5 pg/mL, respectively. Based on the acceptance criteria for precision
(CV < 20%) and bias (RE < ±20%) of the three-plex assay, LLoQ was determined as the lowest value
among each concentration of calibrators. The estimated LLoQ was 33 pg/mL (NNMT), 370 pg/mL
(LCP1) and 99 pg/mL (NM23A). To assess the linearity of the dilution, each concentration of whole
range calibrators from a three-fold serial dilution with human serum or matrix was measured. The slope
representing the linearity of dilution for the three markers in human serum was over 0.991 and the
slope of whole range of calibrators in the matrix of bovine serum was comparable to the slope of human
serum (see Supplementary Materials S1) within the concentration range of 199–24,831 pg/mL (NNMT,
R2 = 0.998), 10,783–105,263 pg/mL (LCP1, R2 = 0.991) and 16–23,784 pg/mL (NM23A, R2 = 0.998).
3.2. Differential Serum Levels of NNMT, LCP1 and NM23A in Control Individuals and RCC Patients
To evaluate their potential as tumor markers for RCC, serum concentrations of three tumor
markers, NNMT, LCP1, and NM23A, were assayed with a total of 1042 specimens from 500 control
healthy subjects and 542 patients with RCC of pathological stages I–IV. Serum levels of these tumor
markers were increased in patients with RCC, as shown in Figure 1. The median concentration of
NNMT was 2830 pg/mL in patients with RCC and 94 pg/mL in controls and appeared to be significantly
increased in patients (p < 0.0001, Mann–Whitney test). Based on the assayed serum concentration of
controls and patients, the diagnostic performance was assessed and its characteristics were represented
by ROC analysis as shown in Table 2. For NNMT, the diagnostic sensitivity was 77.4% and AUC was
0.833 at a fixed specificity of 90%. The median concentration of LCP1 in controls and subjects with RCC
was 11,800 pg/mL and 40,232 pg/mL, respectively. The median concentration of NM23A in controls
and subjects was 429 pg/mL and 1016 pg/mL, respectively. The ratio of the concentration of LCP1
(3.4 fold) and NM23A (2.4 fold) between controls and subjects with RCC was lower than that of NNMT
(30.1 fold), however the difference in concentration of LCP1 (p < 0.0001) and NM23A (p < 0.0001) was
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significant. At the specificity of 90%, the diagnostic sensitivity of LCP1 and NM23A was 67.3% and
41.3%,
respectively.
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Figure 1. The serum concentration of NNMT, LCP1, and NM23A was measured with the 3-plex assay.
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Table 2. Diagnostic characteristics of each of the three markers alone and a composite of the three
NNMT, LCP1,
Markers
NNMT
LCP1
NM23A
markers of
RCC.
NM23A Score
Cut-point for scoring
(pg/mL)
Markers

>147

NNMT

>17,800

LCP1

>520

NM23A

Combined Total Group (n = 1042)

Cut-point for scoring
Control
group (n = 500)
(pg/mL)

Kidney cancer group (n = 542)
Mann–Whitney test

>1 NM23A
NNMT, LCP1,
Score

Median Concentration (pg/mL) (range, lower and upper 95% CI)
>147
>17,800
>520
94.0 (89.6–99.0)
11,800.5 (11,566.11–11,984.2)
429.0 (419.5–439.0)
2830 (2361.3–3886.2)
40,232.5 (37,706.7–40,232.0)
1016.5 (753.1–1340.4)
Combined
Total Group(n = 1042)
p < 0.0001
p < 0.0001
p < 0.0001

Median Concentration
(pg/mL) (range,
lower and upper0.601
95%(0.570–0.631)
CI)
AUC (95% CI))
0.833 (0.809–0.855)
0.844 (0.820–0.865)
Sensitivity (%) (95% CI)
90.2 (87.4–92.6)
(79.0–85.6)
56.2 (52.0–60.5)
11,800.582.5
(11566.11–
Control
group
= 500)
94.0 77.1
(89.6–99.0)
429.0 (419.5–439.0)
Specificity
(%)(n
(95%
CI)
(73.4–80.6)
86.8 (83.5–89.6)
85.8 (82.4–88.7)
11,984.2)
+PV (%) (95% CI)
89.5 (86.4–92.1)
87.1 (83.9–89.9)
81.1 (76.8–84.9)
−PV (%) (95% CI)
78.4
(74.8–81.7)
(78.5–85.2)
(60.6–68.1)
2830
(2361.3–
40,232.582.0
(37,706.7–
1016.564.4
(753.1–
Kidney
cancer
group (n(%)
= 542)
Specificity
= 90% Sensitivity
(95% CI)
77.4 (73.7–80.9)
67.3 (63.2–71.3)
41.3 (41.1–49.7)
3886.2)
40,232.0)
1340.4)

>1

0.917 (0.898–0.933)
87.1 (84.0–89.8)
89.4 (86.4–92.0)
87.2 (80.0–92.5)
89.9 (87.0–92.3)
87.0 (86.4–92.0)

RCC,
Renal Cell Carcinoma;
NNMT,
N-methyltransferase;
LCP1,p L-plastin;
Mann–Whitney
test
p <Nicotinamide
0.0001
p < 0.0001
< 0.0001 NM23A, Nonetastatic
cells 1 protein; +PV, positive predictive value; −PV, negative predictive value; AUC, Area Under Curve.
0.833 (0.809–
0.601 (0.570–
AUC (95% CI))
0.844 (0.820–0.865)
0.917 (0.898–0.933)
0.855)
0.631)
Sensitivity Markers
(%) (95% CI)
90.2 (87.4–92.6)
(79.0–85.6)
56.2 (52.0–60.5)
87.1 (84.0–89.8)
3.3. Composite
(NNMT, LCP1
and NM23A82.5
Together)
Showed Improved
Clinical Performance
Specificity (%) (95% CI)
77.1 (73.4–80.6)
86.8 (83.5–89.6)
85.8 (82.4–88.7)
89.4 (86.4–92.0)
Using
an (95%
algorithm
for score
generation,87.1
the(83.9–89.9)
diagnostic performance
three-marker
+PV (%)
CI)
89.5 (86.4–92.1)
81.1 (76.8–84.9) of the87.2
(80.0–92.5)
combination
was
evaluated.
As described
earlier, the
from plasma
specimens
−PV (%)
(95%
CI)
78.4 (74.8–81.7)
82.0 cut-point
(78.5–85.2) was determined
64.4 (60.6–68.1)
89.9 (87.0–92.3)
Specificity
=
90%
Sensitivity
(%)
composed of 189 plasma samples77.4
and(73.7–80.9)
samples of another
training group
from an unpublished
study [10].
67.3 (63.2–71.3)
41.3 (41.1–49.7)
87.0 (86.4–92.0)
(95%
CI)
In this study,
a previously
determined cut-point was used for evaluation. The cut-points for NNMT,

Cell were
Carcinoma;
NNMT,17,800
Nicotinamide
LCP1, L-plastin;
LCP1,RCC,
andRenal
NM23A
147 pg/mL,
pg/mL,N-methyltransferase;
and 520 pg/mL, respectively.
TheNM23A,
diagnostic
Nonetastatic
cells
1
protein;
+PV,
positive
predictive
value;
−PV,
negative
predictive
value;
AUC,
performance of a combination of markers was evaluated with the summed score of the three Area
markers.
Under Curve.

3.3. Composite Markers (NNMT, LCP1 and NM23A Together) Showed Improved Clinical Performance
Using an algorithm for score generation, the diagnostic performance of the three-marker
combination was evaluated. As described earlier, the cut-point was determined from plasma
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As described in the Material and Methods section, based on the serum tumor marker concentration
of the three-plex assay, individuals were assigned a score of 0 (≤ cut-point) or 1 (> cut-point) for
each marker, and a score ranging from 0 to 3 was finally assigned as the sum of the three markers.
If the score was 2 or 3, it was determined as possibly “patient”, and if the score was 0 or 1, it was
determined as possibly “healthy”. The resulting diagnostic characteristics for 1042 overall blind
subjects are summarized in Table 2. As a single marker, NNMT and LCP1 showed better diagnostic
performance than NM23A. The diagnostic accuracy (AUC) of NNMT and LCP1 was 0.833 and 0.844,
respectively, and at a fixed specificity of 90%, the sensitivity of NNMT and LCP1 was 77.4% and
67.3%, respectively. As a composite three-marker, the diagnostic performance of the NNMT, LCP1,
and NM23A combination was improved. At a defined specificity of 90%, the sensitivity of the
three-marker assay was 87% and the diagnostic accuracy (AUC) was 0.917. The positive and negative
predictive value of the three-marker assay was 87.2% (PPV) and 89.9% (NPV).
4. Discussion
As described earlier, several tumor marker candidates of RCC, including nicotinamide
N-methyltransferase (NNMT), L-plastin (LCP1), and non-metastatic cells 1 protein (NM23A),
were identified and verified. Also, a potential RCC tumor marker was selected and validated
through evaluation with the developed plasma tumor marker assay. Among the candidate RCC
tumor markers, NNMT, LCP1, and NM23A showed the highest features insignificance of difference in
patients, the highest specificity in RCC compared to healthy individuals and several other cancers,
and the best performances in the combination assay [9,10].
NNMT is a cytosolic enzyme and is mainly expressed in the human liver [12–14]. NNMT
catalyzes xenobiotics and mediates the methylation reaction of nicotinamide and similar compounds
using S-adenosyl methionine as the methyl donor to produce S-adenosyl-l-homocysteine and
1-methylnicotinamide [13,14]. N-methylation is a method by which drugs or other xenobiotics
are metabolized by the liver [14]. NNMT expression in adipose tissue is associated with obesity and
insulin resistance, and in embryonic stem cells, the expression of NNMT is believed to help maintain
cells in a naive state [14].
An association between the elevated expression of NNMT and several cancers, including pancreatic
and colorectal cancers, has been reported [15–19], and the potential of NNMT as a blood tumor marker
for bladder and colorectal cancer has been suggested [17,20]. Furthermore, evidence was also provided
that there is a correlation between the downregulation of NNMT in cells and lower rates of cell
migration [15]. NNMT expression is upregulated in pancreatic cancer, where levels of the NNMT
enzyme correlate with an increased risk of death. The cause of these correlations has not been
established but may be related to the fact that the NNMT enzyme is an inhibitor of DNA repair [19].
Although elevated expression of NNMT has been reported in several cancers, NNMT expression
was prominent in RCC. NNMT expression in solid tissue of RCC was especially high in comparison
with several other cancer tissues, including cervical, lung, liver, and ovarian cancer [9]. Plastin is
one of the actin-binding proteins. Among the L- and T-isoforms of plastins, LCP1 is the L-isoform of
plastin that has been found in many malignant tumors, suggesting an association of its expression with
tumorigenesis. In contrast, the T-isoform has been found in many normal cells [21–23]. The transcript
level of NM23A is decreased in metastatic cells [24], and there are several studies on the association of
NM23A with various cancers [24–27].
The diagnostic characteristics of specificity and sensitivity for NNMT, LCP1, and NM23A or
the three marker combination is shown in Figure 2A,B. There was an increased gain of ROC curve
area through the varying specificity region, which led to an increased AUC value of the composite
three-marker assay (0.917) compared with the diagnostic performance of each single marker alone
(NNMT (0.833), LCP1 (0.844), and NM23A (0.601)). The sensitivity of the three-marker assay was high
for most of the subtypes of RCC examined, except that the sensitivity of LCP1 for the papillary subtype
case was the highest (Table 3). The sensitivity of the three-marker assay was in the range of 86% to
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Table 3. Sensitivity
of three
single markers
and three-marker
combination
in subtypes
Sensitivity
%
Sensitivity %
Cell Type
Cell Type

Marker

Marker

Clear Cell
Chromophobe
PapillaryCarcinoma
Carcinoma
Clear Cell Carcinoma
Papillary
Chromophobe Carcinoma
Carcinoma
Carcinoma

NNMT at cut-off > 147 pg/mL
81 (285/351)
NNMT at cut-off > 147 pg/mL
81 (285/351)
LCP1 at cut-off > 17,800 pg/mL
78 (274/351)
LCP1
at
cut-off
>
17,800
pg/mL
78
NM23A at cut-off > 520 pg/mL
56 (196/351) (274/351)
NNMT + LCP1 + NM23A
score at
at cut-off
cut-off >>1520 pg/mL
86 (302/351)
NM23A
56 (196/351)

84 (81/96)
84 (81/96)
89 (85/96)
89
(85/96)
57 (55/96)
88
57(84/96)
(55/96)

85 (60/71)

85 (60/71)
83 (59/71)
83 (59/71)
45 (32/71)
86 (61/71)
45 (32/71)

RCC, Renal
Cell Carcinoma;
NNMT,
Nicotinamide
NM23A,
NNMT
+ LCP1 + NM23A
score
at cut-off >N-methyltransferase;
1 86 (302/351)
88LCP1,
(84/96)L-plastin; 86
(61/71) Nonetastatic
cells 1 protein.

RCC, Renal Cell Carcinoma; NNMT, Nicotinamide N-methyltransferase; LCP1, L-plastin; NM23A,
Nonetastatic
cells
1 protein.
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Table 4.
The specificity
sensitivity of NNMT or three-marker assay in several pathological tumor
stages of Renal Cell Carcinoma (RCC).
Table 4. The specificity and sensitivity of NNMT or three-marker assay in several pathological tumor
Specificity (%)
Sensitivity (%)
stages of Renal Cell Carcinoma (RCC).
Control

Specificity (%)

Pathologic T(pT) stage

Sensitivity
(%)
Stage II
Stage III
Stage IV
Control
Pathologic
T(pT)
stage
NNMT at cut-off > 147 pg/mL
83.0 (415/500)
83 (312/375)
78 (64/82)
82 (32/39)
85 (33/39)
NNMT, LCP1, NM23A score at cut-off > 1
89.4 (447/500) Stage
87 (326/375)
89 II
(73/82)
85 (33/39)
I
Stage
Stage87
III(34/39) Stage
IV
NNMT at cut-off > 147 pg/mL
83.0 (415/500) 83 (312/375) 78 (64/82) 82 (32/39)
85 (33/39)
NNMT, LCP1, NM23A score at cut-off > 1 89.4 (447/500) 87 (326/375) 89 (73/82) 87 (34/39)
85 (33/39)
Stage I
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Table 5. Specificity or sensitivity according to age distribution and sex percentage for normal samples
and patient samples.
Control Samples (n = 500)

Patient Samples (n = 542)

Percentage of population by age
20s
15%

30s
12%

40s
28%

Percentage of population by age
50s
26%

60s
17%

70s
0.6%

Specificity (%)
92.3%
90.5%
86.5%
Percentage of population by sex
Male
38%

Female
62%

20s
2%

30s
4%

40s
10%

50s
25%

60s
38%

70s
17%

80s
3%

Sensitivity (%)
90.0%

89.7% 100%
Specificity
Male
91.7%

75%
86%
74%
85%
Percentage of population by sex

Female Male
88.1%
65%

Female
35%

92%
91%
Sensitivity
Male
88.6%

100%

Female
88.0%

5. Conclusions
From present scaled-up samples, multi-center study, as a potential serum/plasma tumor marker,
NNMT, LCP1 and NM23A assay and its combination assay was validated to be efficient to detect
early RCC.
Supplementary Materials: The following are available online at http://www.mdpi.com/2075-4418/10/10/750/s1,
S1. Supplement data.
Author Contributions: All authors of this paper have read and approved the final version submitted, and have
directly participated in the planning or analysis of the study. D.S.K. designed the experiments, mainly performed
the experiments, analyzed the data, and drafted and wrote the manuscript. B.K., K.J.K., E.J.L., W.S.H., W.S.J.,
K.S.C., Y.D.C., S.K., S.Y.R., J.H.K., C.K. and H.H.K. performed case selection of clear-cell type and interpretation of
data. C.W.J. and N.H.C. performed design, funding, and final assembly of data. All authors have read and agreed
to the published version of the manuscript.
Funding: This study was supported by the Korea Health Technology Research and Development Project through
the Korea Health Industry Development Institute (KHIDI), funded by the Ministry of Health and Welfare, Republic
of Korea (Grant number: HI17C1792).
Acknowledgments: The biospecimens and data used in this study were provided by the Biobank of Seoul National
University Hospital, Chonnam National University Hwasun Hospital, Ajou University Human Bio-Resource Bank
(AHBB), National Biobank of Korea-Kyungpook National University Hospital (KNUH), Gyeongsang National
University Hospital, Jeju University Hospital, and Chonbuk National University Hospital, a member of the Korea
Biobank Network, which is supported by the Ministry of Health and Welfare. All samples derived from the Korea
Biobank Network were obtained with informed consent under institutional review board-approved protocols.
The specimens used for this study were distributed by the Korea Institute of Radiological and Medical Sciences
(KIRAMS) Radiation Biobank (KRB) in the Republic of Korea.
Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References
1.

2.

3.

4.

Ferlay, J.; Soerjomataram, I.; Dikshit, R.; Eser, S.; Mathers, C.; Rebelo, M.; Parkin, N.M.; Forman, D.; Bray, F.
Cancer incidence and mortality worldwide: Sources, methods and major patterns in GLOBOCAN 2012.
Int. J. Cancer 2015, 136, E359–E386. [CrossRef] [PubMed]
Kovacs, G.; Akhtar, M.; Beckwith, B.J.; Bugert, P.; Cooper, C.S.; Delahunt, B.; Eble, J.N.; Fleming, S.;
Ljungberg, B.; Medeiros, L.J.; et al. The Heidelberg classification of renal cell tumours. J. Pathol. 1997, 183,
131–133. [CrossRef]
Störkel, S.; Eble, J.N.; Adlakha, K.; Amin, M.; Blute, M.L.; Bostwick, D.G.; Darson, M.; Delahunt, B.;
Iczkowski, K. Classification of renal cell carcinoma: Workgroup No. 1. Union Internationale Contre le Cancer
(UICC) and the American Joint Committee on Cancer (AJCC). Cancer 1997, 80, 987–989. [CrossRef]
Godley, P.A.; Stinchcombe, T.E. Renal cell carcinoma. Curr. Opin. Oncol. 1999, 11, 213. [CrossRef]

Diagnostics 2020, 10, 750

5.
6.

7.
8.
9.
10.

11.

12.

13.
14.
15.

16.
17.

18.
19.

20.
21.
22.
23.
24.
25.

11 of 12

Chow, W.-H.; Dong, L.M.; Devesa, S.S. Epidemiology and risk factors for kidney cancer. Nat. Rev. Urol. 2010,
7, 245–257. [CrossRef]
Patard, J.-J.; Leray, E.; Rioux-Leclercq, N.; Cindolo, L.; Ficarra, V.; Zisman, A.; De La Taille, A.; Tostain, J.;
Artibani, W.; Abbou, C.C.; et al. Prognostic Value of Histologic Subtypes in Renal Cell Carcinoma:
A Multicenter Experience. J. Clin. Oncol. 2005, 23, 2763–2771. [CrossRef]
Motzer, R.J. Perspective: What next for treatment? Nature 2016, 537, S111. [CrossRef]
Skates, S.; Iliopoulos, O. Molecular Markers for Early Detection of Renal Carcinoma: Investigative Approach.
Clin. Cancer Res. 2004, 10, 6296S–6301S. [CrossRef]
Kim, D.S.; Choi, Y.P.; Kang, S.; Gao, M.Q.; Kim, B.; Park, H.R.; Choi, Y.D.; Lim, J.B.; Na, H.J.; Kim, H.K.; et al.
Panel of Candidate Biomarkers for Renal Cell Carcinoma. J. Proteome Res. 2010, 9, 3710–3719. [CrossRef]
Kim, D.S.; Choi, Y.D.; Moon, M.; Kang, S.; Lim, J.-B.; Kim, K.M.; Park, K.M.; Cho, N.H. Composite
Three-Marker Assay for Early Detection of Kidney Cancer. Cancer Epidemiol. Biomark. Prev. 2013, 22, 390–398.
[CrossRef]
Jeong, C.W.; Suh, J.; Yuk, H.D.; Tae, B.S.; Kim, M.; Keam, B.; Kim, J.H.; Kim, S.Y.; Cho, J.Y.; Kim, S.H.;
et al. Establishment of the Seoul National University Prospectively Enrolled Registry for Genitourinary
Cancer (SUPER-GUC): A prospective, multidisciplinary, bio-bank linked cohort and research platform.
Investig. Clin. Urol. 2019, 60, 235–243. [CrossRef] [PubMed]
Aksoy, S.; Brandriff, B.F.; Ward, A.; Little, P.F.; Weinshilboum, R.M. Human NicotinamideN-Methyltransferase
Gene: Molecular Cloning, Structural Characterization and Chromosomal Localization. Genomics 1995, 29,
555–561. [CrossRef]
Hong, S.; Zhai, B.; Pissios, P. Nicotinamide N-Methyltransferase Interacts with Enzymes of the Methionine
Cycle and Regulates Methyl Donor Metabolism. Biochemistry 2018, 57, 5775–5779. [CrossRef] [PubMed]
Loring, H.S.; Thompson, P.R. Kinetic Mechanism of Nicotinamide N-Methyltransferase. Biochemistry 2018,
57, 5524–5532. [CrossRef] [PubMed]
Cui, Y.; Zhang, L.; Wang, W.; Ma, S.; Liu, H.; Zang, X.; Zhang, Y.; Guan, F. Downregulation of nicotinamide
N-methyltransferase inhibits migration and epithelial-mesenchymal transition of esophageal squamous cell
carcinoma via Wnt/β-catenin pathway. Mol. Cell. Biochem. 2019, 460, 93–103. [CrossRef] [PubMed]
Shin, J.H.; Park, C.W.; Yoon, G.; Hong, S.M.; Choi, K.Y. NNMT depletion contributes to liver cancer cell
survival by enhancing autophagy under nutrient starvation. Oncogenesis 2018, 7, 58. [CrossRef] [PubMed]
Song, M.; Li, Y.; Miao, M.; Zhang, F.; Yuan, H.; Cao, F.; Chang, W.; Shi, H.-P.; Song, C. High stromal
nicotinamide N-methyltransferase (NNMT) indicates poor prognosis in colorectal cancer. Cancer Med. 2020,
9, 2030–2038. [CrossRef]
Xu, Y.; Liu, P.; Zheng, D.-H.; Wu, N.; Zhu, L.; Xing, C.; Zhu, J. Expression profile and prognostic value of
NNMT in patients with pancreatic cancer. Oncotarget 2016, 7, 19975–19981. [CrossRef]
Pozzi, V.; Di Ruscio, G.; Sartini, D.; Campagna, R.; Seta, R.; Fulvi, P.; Vici, A.; Milanese, G.; Brandoni, G.;
Galosi, A.B.; et al. Clinical performance and utility of a NNMT-based urine test for bladder cancer. Int. J.
Biol. Markers 2017, 33, 94–101. [CrossRef]
Lu, X.; Long, H. Nicotinamide N-methyltransferase as a potential marker for cancer. Neoplasma 2018, 65,
656–663. [CrossRef]
Lin, C.S.; Chen, Z.P.; Park, T.; Ghosh, K.; Leavitt, J. Characterization of the human L-plastin gene promoter in
normal and neoplastic cells. J. Biol. Chem. 1993, 268, 2793–2801.
Park, T.; Chen, Z.P.; Leavitt, J. Activation of the leukocyte plastin gene occurs in most human cancer cells.
Cancer Res. 1994, 54, 1775–1781. [PubMed]
Samstag, Y.; Klemke, M. Ectopic expression of L-plastin in human tumor cells: Diagnostic and therapeutic
implications. Adv. Enzym. Regul. 2007, 47, 118–126. [CrossRef] [PubMed]
Iizuka, N.; Oka, M.; Noma, T.; Nakazawa, A.; Hirose, K.; Suzuki, T. NM23-H1 and NM23-H2 messenger
RNA abundance in human hepatocellular carcinoma. Cancer Res. 1995, 55, 652–657.
Fan, Z.; Beresford, P.J.; Oh, D.Y.; Zhang, D.; Lieberman, J. Tumor suppressor NM23-H1 is a granzyme
A-activated DNase during CTL-mediated apoptosis, and the nucleosome assembly protein SET is its inhibitor.
Cell 2003, 112, 659–672. [CrossRef]

Diagnostics 2020, 10, 750

26.

27.

12 of 12

Oba, K.; Miyata, Y.; Koga, S.; Kanda, S.; Kanetake, H. Expression of nm23-H1 gene product in sarcomatous
cancer cells of renal cell carcinoma: Correlation with tumor stage and expression of matrix metalloproteinase-2,
matrix metalloproteinase-9, sialyl Lewis X, and c-erbB-2. Urology 2005, 65, 1029–1034. [CrossRef]
Theisinger, B.; Engel, M.; Seifert, M.; Seitz, G.; Welter, C. NM23-H1 and NM23-H2 gene expression in human
renal tumors. Anticancer Res. 1998, 18, 185–189.
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

