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Abstract

Reliable and noninvasive biomarkers for the early diagnosis of non-small-cell lung
cancer (NSCLC) are an unmet need. This study aimed to screen and validate potential
urinary biomarkers for the early diagnosis of NSCLC. Using protein mass spectrom-
etry, urinary MDH2 was found to be abundant both in patients with lung cancer and
lung cancer model mice compared with controls. Urine samples obtained as retro-
spective and prospective cohorts including 1091 NSCLC patients and 736 healthy
controls were measured using ELISA. Patients with stage | NSCLC had higher urinary
MDH2 compared with healthy controls. The area under the receiver-operating char-
acteristic curve (AUC) for the urinary MDH2 was 0.7679 and 0.7234 in retrospective
and prospective cohorts to distinguish stage | cases from controls. Urinary MDH2
levels correlated with gender and smoking history. MDH2 expression levels were el-
evated in lung cancer tissues. MDH2 knockdown using shRNA inhibited the prolifera-
tion of lung cancer cells. Our study demonstrated that urinary MDH2 concentration
was higher in early-stage NSCLC patients compared with that in controls and that

MDH2 could serve as a potential biomarker for early detection of NSCLC.
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1 | INTRODUCTION

Lung cancer is the most commonly diagnosed cancer and the leading
cause of cancer death in both more developed and less developed
countries globally.* Although there has been much progress in the di-
agnosis and prognosis of lung cancer in previous years, most patients
with lung cancer have advanced-stage disease at diagnosis.2 Lung
cancer has a 5-y survival rate of merely 19%, but the 5-y survival
rate of patients with stage | lung cancer who undergo surgical treat-
ment can be as high as 77%-92%.3* Common methods of detecting
lung cancer include computed tomography (CT), positron emission
tomography, blood tumor biomarker analysis, sputum analysis, bron-
choscopy with biopsies, endobronchial ultrasound, and CT-guided
transthoracic biopsy and mediastinoscopy. CT is the main screening
method but has a high FPR.>® Biopsies can confirm a diagnosis in
most cases but present risks such as hemorrhage or pneumothorax,
therefore the urgent need to find reliable and noninvasive biomark-
ers is intensified.

Urine has recently revealed its potential as a carrier of cancer
biomarkers. Compared with other biofluids, urine has the following
characteristics: (a) abundance; (b) easy and noninvasive sampling; (c)
little change in content after collection if properly stored; and (d)
richness in metabolites, reflecting the metabolic changes caused by
diseases.”® Studies using MS-based methods have attempted to pro-
file the metabolite changes of several cancers such as prostate can-
cer, bladder cancer, pancreatic cancer, and breast cancer.”*® For lung
cancer, previous studies have discovered a range of urinary metab-
olites as an indication of lung cancer,***® but only a few metabolites
have been further validated for their specificity for lung cancer,*”*¢
therefore urinary biomarkers for lung cancer remain unclear.

In this study, we used MS to determine urinary proteins that
were abundant in patients with lung cancer and assessed the perfor-
mance of urinary proteins as biomarkers for the early detection of

non-small-cell lung cancer.

2 | MATERIALS AND METHODS
2.1 | Study subjects

Urine samples were collected from lung cancer patients and healthy
controls at Tianjin Medical University Cancer Institute and Hospital
between February 2017 and June 2019. Only patients with patho-
logically or histologically confirmed NSCLC, before any treatment,
and who were not simultaneously diagnosed with other malignant
diseases were included in this study. In total, 1091 lung cancer pa-
tients and 736 control subjects were analyzed. Among these sub-
jects, 4 patients and 4 control subjects were used for MS assay,
urine samples from 318 stage | NSCLC patients and 239 control
subjects were selected from February 2017 to December 2017 to
be included in the retrospective cohort, and 769 NSCLC patients
and 493 control subjects were enrolled prospectively from April
2018 to June 2019. In addition, 13 patients pathologically confirmed

with benign pulmonary nodules (BPNs) were also recruited for diag-
nostic evaluation of the biomarker. The Tianjin Medical University
Cancer Institute and Hospital ethics committee approved this study
(approval numbers: bc2016014, bc2018009, bc2019091). Human
urine samples were collected after informed consent was signed.
The study methodologies conformed to the standards set by the
Declaration of Helsinki. The study schematic diagram is shown in
Figure 1A.

2.2 | Cell culture and reagents

A549 (RRID: CVCL_0023), HOP-62 (RRID: CVCL_1285) and PC-9
(RRID: CVCL_B260) cell lines were purchased from the ATCC. All cell
lines were cultured at 37°C in the presence of 5% CO, in RPMI 1640
medium containing 10% FBS (Gibco, Life Technologies) and 100 U/
mL penicillin/streptomycin (Gibco, Life Technologies). All human cell
lines had been authenticated using short tandem repeat (STR) profil-
ing within the last 3 y.

2.3 | Plasmids and lentivirus packaging

For MDH2 knockdown experiments, shRNA fragments were
cloned into the Tet-pLKO-zeo vector. The shRNAs sequence of
MDH2 was based on the Sigma Mission shRNA Library: shMDH2
(TRCN0O000028485). To generate cell lines for Dox-inducible MDH2
knockdown, A-549 (RRID: CVCL_0023), HOP-62 (RRID: CVCL_1285)
and PC-9 (RRID: CVCL_B260) cell lines were infected with lentivirus
packaged from the pLKO-tet-zeo vector harboring shRNA targeting
MDH2 mRNA. Cells were selected with zeomycin (300 pg/mL) for
1 wk in appropriate cases.

2.4 | Preparation of urine samples

Samples of 20-30 mL of the first-void urine prior to treatment were
collected. Urine samples were centrifuged at 5000 g for 40 min at
4°C. The supernatants underwent a short storage period at -80°C.
For longer storage, the urinary supernatants were diluted with phos-
phate buffer, pH 7.5 and then the urinary protein was fixed on 22-
pm nitrocellulose membranes (Millipore) using vacuum filtration and
stored at -80°C.*

For human urinary protein extraction, the nitrocellulose mem-
branes on which sample urinary protein was fixed were cut into
pieces and dissolved in acetone containing 0.5% ammonium bicar-
bonate with vigorously shaking. Samples were incubated at 55°C for
60 min with vigorous shaking every 20 min. Urinary protein was pre-
cipitated at 4°C followed by centrifugation at 16 000 g for 15 min.
The protein precipitate was dried at room temperature. For protein
digestion, the protein precipitate was dissolved in lysis buffer con-
taining 7 M urea, 2 M thiourea, 40 mM Tris-base, 25 mM dithioth-

reitol (DTT) and the protein concentration was detected using the
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FIGURE 1 High urinary MDH2 levels were determined using DIA MS both in patients with NSCLC and lung cancer model mice. A,
Schematic of discovery and assessment of lung cancer urinary biomarkers. B, Volcano plot of urine quantitative proteome results when
comparing patients with lung cancer and healthy controls. Red dots show upregulated expression and green dots show downregulated
expression in cancer. C, Heat map shows the top 20 most significantly upregulated urine proteins (fold change >2, P <.05) between patients
with lung cancer (represented by T1-T4) and healthy controls (represented by N1-N4). D, Heat map shows the top 4 highly regulated urine
proteins between EGFR*®R-driven and EGFR'PE--driven lung cancer model mice and wild-type mice, which were consistent with those in

human (fold change >2, P <.05). CTL, controls; WT, wild-type mice

Bradford method. For ELISA assay, the protein precipitate was dis-
solved in lysis buffer (100 mM Tris, 150 mM NaCl, 1 mM EGTA, 1 mM
EDTA, 1% Triton X-100, 0.5% sodium deoxycholate) and the protein
concentration was detected using Pierce BCA assay (Thermo Fisher
Scientific). For mice urinary protein extraction, the protein was pre-

cipitated with acetone from the samples and dissolved in lysis buffer.

2.5 | Protein digestion and DIA MS

Quantitative proteome analysis of the differential urine proteins
was performed using an Orbitrap Fusion Lumos (Thermo Fisher

Scientific) mass spectrometer. For human urine analysis, 4 pairs of

samples from 4 lung cancer patients and 4 healthy people as con-
trols were analyzed. For mouse analysis, 3 mouse samples from the
EGFR L858R mutant, EGFR DEL, and EGFR WT (as control) were
mixed and protein digestion, MS analysis, and quantitative compari-
son were performed.

Protein digestion was performed as previously described.?°
Briefly, urinary proteins were reduced in buffer containing 8 M urea
and 50 mM DTT at 37°C for 1 h and alkylated with 100 mM iodoac-
etamide (IAA) at room temperature for 30 min. Samples were then
transferred to 10 kDa centrifugal devices (Lot FC1233, PALL) for in-
solution protein digestion. Protein was mixed with trypsin at a mass
ratio of 30:1 and digested at 37°C for 16 h. Finally, peptides were

collected, freeze dried and desalted.
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Tryptic peptides were reconstituted using deionized water con-
taining 0.1% formic acid. lon libraries were constructed by collecting
the same amounts of tryptic peptides from all samples. The iRT-
standard (Biognosys) was added into the pooled sample at a ratio
of 1/10 by volume for retention time calibration. Samples were then
analyzed in data-dependent acquisition (DDA) mode using an EASY-
nLC 1200 (Thermo Fisher Scientific) HPLC system and Orbitrap
Fusion Lumos (Thermo Fisher Scientific) mass spectrometer. For LC
separation, peptides were separated on an Acclaim PepMap 100 C18
column (100 pm x 2 cm, 5 um, Thermo Fisher Scientific, P/N:164564)
and an Acclaim PepMap 100 C18 column (50 pm x 15 cm, 2 pm,
Thermo Fisher Scientific, Waltham, MA, USA, P/N:164943). Four
runs were performed to construct the precursor ion library in DDA
mode. For DIA MS analysis, individual tryptic peptide samples were
mixed with the iRT-standard (1/10 by volume) and analyzed on the
same LC-MS/MS system. Global settings for DDA and DIA were ac-

cording to the reference.?!

2.6 | Database searches

DDA raw data files were searched using the SEQUEST-HT engine of
Proteome Discoverer (PD) v.2.1 (Thermo Fisher Scientific) against a
combined database of neXtProt (23 January 2017 release, 20 159
entries; the reverse sequence was used to generate the decoy da-
tabase) and the iRT-standard peptides sequence. Common contami-
nants trypsin and keratins were included in the database. Confident
protein identifications should meet the following criteria: (a) protein
level FDR = 1%; (b) unique peptides > 2; (c) peptide length > 9 aa.
To build the ion spectral library, the pdResult files generated by
the PD software were imported into Spectronaut™ software v.10
(Biognosys). The parameters of the BGS Factory Settings were ac-
cording to the reference.?! For individual DIA MS files analysis, the
DIA raw files were converted into HTRMS files and analyzed with the
review section of Spectronaut by choosing the matched database
fasta file and spectral library. Protein identification and quantitation
were exported from Spectronaut software for further analysis.

For comparison of the differential proteins between patients
with cancer and healthy people, expression differential fold change
>2 and T Test P-value < .05 were used to identify the differentially
expressed proteins (DEPs), and quantitative proteins were delin-
eated using a volcano plot.

2.7 | GTEx and TCGA gene expression,
correlation, and outcome analysis

The comparison of the MDH2 level between normal tissue, para-
carcinoma tissue, and primary tumor tissues was performed with the
“Compare tumor vs normal within or across tissue types” function of
the UCSC Xena tool (http://xena.ucsc.edu/compare-tissue/). The data-
bases of lung cancer samples from the UCSC RNA-seq Compendium,
plus The Cancer Genome Atlas (TCGA) and the GTEXx, (normal tissue of

individuals without cancer) were re-aligned to the hg38 genome using
the same RNA-seq pipeline. The “RSEM norm_count” dataset, which
was normalized by the upper quartile method, was chosen for the gene
expression comparison. For survival analysis, data were collected from
the Human Protein Atlas (https://www.proteinatlas.org/). Patients
were ordered by expression level and split into the top 50% and bot-
tom 50%. Using this information, a 2-condition (high expression vs low
expression) Kaplan-Meier survivability plot was generated.

2.8 | Enzyme-linked immunosorbent assay

The MDH2 concentrations of urine samples were measured using
ELISA kits (EK1911, Signalway Antibody). Urinary protein was ex-
tracted and quantified as described above. To each well, 100 pg
urinary protein was added. The optical density of each well was si-

multaneously determined using a microplate reader set to 450 nm.

2.9 | Quantitative real-time PCR

Total RNA was extracted from the tissues and cells using TRIzol
reagent (Lot 250404, Ambion) and was quantified and qualified
using NanoDrop and Agilent 2100 bioanalyzers (Thermo Fisher
Scientific). cDNA was synthesized using oligo(dT) primers and
PrimeScript Il (Lot AJ50605A). The MDH2 level was determined
using qRT-PCR and TB Green™ Premix Ex Tag™ Il (Lot RR820) on
the CFX96 Real-time PCR Detection System (Bio-Rad Laboratories).
The 272%°T method was used to calculate the relative expres-
sion levels of RNA. The following primers (BGI, Beijing Genomic
Institute) were used: 5-CCCACGGGTTCATAGTTCAG-3' and
5'-CATCAGGGTTCGGTCAGAAG-3'.

2.10 | Western blot

Tissues were lysed in RIPA lysis buffer and centrifuged at 14 000 g
for 15 min. Pierce BCA protein assay was used to determine pro-
tein concentration. Protein was resolved on 10% SDS-PAGE gels
and transferred onto PVDF membranes. After blocking for 1 h,
membranes were incubated with primary antibody (1:10 000, Lot
ab181857, Abcam) at 4°C overnight, followed by incubation with
secondary antibody (1:10 000 dilution, Lot Z0219, Ray Antibody) for
1 h at room temperature. The immune reactive bands were visual-
ized using ECL Prime Western Blotting Detection Reagent and ex-
posed using a Chemiluminescence Western Blot Scanner (C DIGIT,
LI-COR).

2.11 | Immunohistochemical staining

In total, 197 formalin-fixed, paraffin-embedded (FFPE) tissue slides,

including lung cancer tissue and normal lung tissue, were used for
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immunohistochemical staining. FFPE tissue slides were dehydrated
and rehydrated, then antigen retrieval was carried out using high-
pressure heating. The slides were incubated with primary antibod-
ies (1:200, Lot ab181857, Abcam) overnight at 4°C. After incubation
with secondary antibody (Origene) for 1 h at room temperature, the
sections were exposed to 3,3’-diaminobenzidine (DAB) substrate
(Origene) and counterstained with hematoxylin (Solarbio).

Slides were scored by 2 impartial technicians for overall staining
intensity and the percentage of cells stained. The proportion scores
ranged from O to 4 (0, none; 1, 1%-25%; 2, 26%-50%; 3, 51%-75%;
and 4, >75%), and the intensity scores ranged from O to 3 (0, none;
1, weak; 2, intermediate; and 3, strong). These scores were added to
obtain a final score ranging from O to 7. Cases scoring 0-4 were con-
sidered to have low expression; cases scoring 5-8 were considered

to have high expression.

2.12 | Cell proliferation assay

The A-549 (RRID: CVCL_0023), HOP-62 (RRID: CVCL_1285) and
PC-9 (RRID: CVCL_B260) cell lines with knockdown MDH2 were
used to perform a cell proliferation assay. Briefly, in total, 1000
cells were seeded into a 96-well plate, and doxycycline (1 pg/mL)
was added to induce MDH2 knockdown. Cell activity was monitored
with CCK8 reagent every day following the manufacturer's instruc-
tion (Lot PJ762, DOJINDO Laboratories).

2.13 | Colony-forming assay

We used the A-549 (RRID: CVCL_0023), HOP-62 (RRID: CVCL_1285)
and PC-9 (RRID: CVCL_B260) cell lines with doxycycline-induced
MDH2 knockdown to perform the colony-forming assay. Briefly, in
total, 200 cells were seeded into a 6-well plate and cultured for 7 d
before being fixed and dyed with 0.5% crystal violet staining solu-
tion. Cells were transferred to flash medium every 2 d and doxycy-
cline (1 pg/mL) was added to induce MDH2 knockdown. Images of
cell clones were acquired and colonies were counted using Image)
software.

2.14 | Mice

Animal experiments were approved by the Institutional Committee
for Animal Care and Use of Jinan University (approval number:
20180709-01). The experiments were conducted in accordance with
approved institutional guidelines and regulations. All the EGFR->R-
driven and EGFRYPEL-driven lung cancer model mice were on the
C57BL6 background, c. 6-8 wk old, with no restrictions on sex, and
bred in a pathogen-free environment. The lung tumor burdens of the
mice were recorded using CT scanning (PINGSENG Healthcare) after
c. 2 mo of Dox diet feeding. Urine samples were collected for further

mass spectrometry analysis. EGFRYT mice were used as the control.
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2.15 | Statistical analysis

IBM SPSS software (SPSS Inc) and GraphPad Prism (GraphPad
Software Inc) were used for statistical analysis. The Mann-
Whitney U test was applied to explore the differences between
different groups. ROC analysis was performed to assess diagnos-
tic effectiveness. Cut-off values were determined by calculat-
ing the Youden index. Correlation analysis was performed using
Fisher exact test. Interobserver concordance was evaluated by
Cohen's kappa for two-rater comparisons. All tests were two-
sided, and a P-value <.05 was considered to indicate a significant

difference.

3 | RESULTS

3.1 | Screening of aberrantly expressed urinary
proteins in patients with lung cancer

We used DIA MS to analyze the differentially expressed urinary
proteins between patients with lung cancer and healthy partici-
pants as well as between EGFR®*®R-driven and EGFR'PE--driven
lung cancer model mice and control mice; 3 female patients and 1
male patient all with stage | LUAD were included. The character-
istics of the 4 NSCLC patients are shown in Table S1. Candidate
urinary proteins, which were abundant both in patients with lung
cancer (Figure 1B,C; Tables S1 and S2) and in lung cancer model
mice, were screened out (Figure 1D; Table S3). MDH2 expression
was aberrantly high both in patients with lung cancer and in lung

cancer model mice.

3.2 | Evaluation of the urinary MDH2 level as a
diagnostic biomarker of early-stage NSCLC

We compared by ELISA assay the MDH2 levels in urine sam-
ples from 239 healthy participants and 318 patients with stage |
NSCLC. Because the MDH2 concentration was not normally dis-
tributed in each group, the urinary MDH2 concentration is shown
as the median of each group in the following context. The urinary
MDH2 concentration was significantly higher in patients com-
pared with in healthy participants (patients vs controls: 18.78 vs
4.31 ng/100 ng, P <.0001; Figure 2A). The AUC for the urinary
MDH2 concentration to distinguish patients with stage | NSCLC
from healthy participants was 0.7679 (95% Cl, 0.7291-0.8066), with
70.13% sensitivity and 66.11% specificity at the cut-off value of
9.523 ng/100 nug (Figure 2B). The FPR, FNR, and PPV were 33.89%,
29.87% and 0.7311.

Urine samples were collected prospectively from 493 healthy
participants and 769 patients with NSCLC to validate the per-
formance of the urinary MDH2 level as a diagnostic biomarker.
Similarly, patients showed a higher urinary MDH2 concentration

compared with control subjects (patients vs controls: 17.78 vs
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FIGURE 2 Malate dehydrogenase 2 as a diagnostic biomarker in distinguishing stage | patients with NSCLC from control subjects.

A, Comparison by ELISA of the MDH2 concentration in urine between control subjects (n = 239) and patients with stage | NSCLC (n = 318)
of the retrospective cohort P <.0001 by Mann-Whitney U tests. B, ROC analysis of the detectable efficiency of MDH2 in the retrospective
cohort in control subjects vs patients with stage | NSCLC (AUC = 0.7679, 95% Cl:0.7291-0.8066, P <.0001). C, Comparison of the

MDH2 concentration in urine between control subjects (n = 493) and patients with NSCLC (n = 769) of the prospective cohort by ELISA

P <.0001 by Mann-Whitney U tests. D, ROC analysis of the detectable efficiency of MDH2 in the prospective cohort in control subjects

vs patients with NSCLC (AUC = 0.6791, 95% Cl: 0.6495-0.7088, P <.0001). E, Comparison of the MDH2 concentration in urine between
control subjects (n = 493) and patients with stage | NSCLC (n = 503) of the prospective cohort using ELISA P <.0001 by Mann-Whitney

U tests. F, ROC analysis of the detectable efficiency of MDH2 in the prospective cohort in control subjects vs stage | NSCLC patients

(AUC =0.7234, 95% Cl: 0.6916-0.7551, P <.0001). Scatter diagrams are represented as median with interquartile range and the vertical axis
shows the square root (sqrt) of urinary MDH2 concentration. Black arrows show the cut-off point

6.295 ng/100 pg, P <.0001; Figure 2C). The AUC was 0.6791 (95%
Cl, 0.6495-0.7088), with 68.92% sensitivity and 58.22% specificity
at the same cut-off value, and the FPR, FNR, and PPV were 41.78%,
31.08% and 0.7317 (Figure 2D). When comparing urinary MDH2
concentrations of patients at different stages, patients with stage
I NSCLC had higher MDH2 concentrations compared with control
subjects, but there was no significant difference in MDH2 concen-
trations between stage | and stages Il-1V (patients with stage | vs
controls: 19.04 vs 6.295 ng/100 g, P <.0001; Figure 2E). The AUC

for discrimination patients with stage | NSCLC from healthy partic-
ipants was 0.7234 (95% Cl, 0.6916-0.7551), with 76.74% sensitivity
and 58.82% specificity at the same cut-off value, and the FPR, FNR,
and PPV were 41.18%, 23.26%, and 0.7787, respectively (Figure 2F).

When the sensitivity was fixed at 90% to screen the
more susceptible population, the MDH2 concentration was
1.866 ng/100 pg with a specificity of 41.42% in the retrospective
cohort. In this case, the sensitivity and specificity of all prospec-

tive cohorts and patients with stage | NSCLC of the prospective
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cohort was 70.09% and 54.56%, 83.00% and 43.22%, respec-
tively (Table S4).

Urinary MDH2 concentrations may not distinguish BPNs
from malignant nodules. Urinary MDH2 concentrations were
slightly higher in patients with stage | NSCLC compared with
in patients with BPNs, but the difference was not significant
(stage | NSCLC vs benign: 18.87 vs 10.55 ng/100 pg, P =.1801;
Figure S1A, Table S5). The AUC for the urinary MDH2 concen-
tration to distinguish patients with stage | NSCLC from patients
with BPN was 0.6082 (95% Cl, 0.4666-0.7497, P =.1804), with
65.65% sensitivity and 61.54% specificity at the cut-off value of
13.27 ng/100 pg (Figure S1B). FPR was 38.46% (5/13) and FNR
was 35.35% (282/821).

TABLE 1 Characteristics of enrolled

= 2355
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3.3 | Correlation between the urinary MDH2
concentration and clinicopathological characteristics
in early-stage NSCLC

The correlation between the urinary MDH2 concentration and clin-
icopathological characteristics of NSCLC patients in the 2 studied
cohorts was explored (Table 1). The urinary MDH2 concentration
did not significantly correlate with age (retrospective cohort: <65y,
17.66 ng/100 pg, >65 vy, 22.15 ng/100 pg, P =.420; prospective
cohort: <65y, 17.99 ng/100 pg, >65y, 16.99 ng/100 ug, P =.740),
EGFR mutation (retrospective cohort: wild-type, 16.87 ng/100 pg,
mutation, 23.18 ng/100 pg, P =.096; prospective cohort: wild-
type, 17.99 ng/100 ng, mutation, 20.87 ng/100 pg, P =.436) and

Retrospective cohort Prospective cohort

subjects
Urine MDH2 Urine MDH2
Conc. Conc.
(ng/100 ug) (ng/100 ug)
Variables n (Median) P-value n (Median) P-value
Control subjects
Gender
Male 99 0.00 <.001 202 7.80 155
Female 140 8.90 291 4.52
Age
Median, 37 y (range, 239 4.31
23-65)
Median, 38 y (range, 474 6.29
22-79)
NSCLC patients
Gender
Male 163 1243 <.001 394  9.96 <.001
Female 155 27.72 375 24.54
Age
<65 243 17.66 420 583 17.99 740
>65 75 2215 186 16.99
Smoking history
Yes 149 1391 <.001 313 13.32 <.001
No 169 23.18 380 22.12
EGFR
Wild-type 72 16.87 096 107 1799 436
Mutation 47  23.18 113 20.87
Untested 199  20.12 549 1715
Pathological type
Adenocarcinoma 268  19.07 .552 613 19.71 112
Squamous carcinoma 41 17.14 111 494
Other malignant types 9 12.07 45 847
TNM stage
| 503 19.04
-1V = = 178 17.94

The bold values are an emphasis of the P values which are less than 0.05.
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TNM stage (stage |, 19.04 ng/100 pg, stages II-1V, 17.94 ng/100 pg,
P =.112), but correlated with gender and smoking history. Urinary
MDH2 concentrations were higher in females (retrospective cohort:
female, 27.72 ng/100 pg, male, 12.43 ng/100 pg, P <.001; prospec-
tive cohort: female, 24.54 ng/100 pg, male, 9.96 ng/100 pg, P <.001)
and patients without a smoking history (retrospective cohort:
without smoking history, 23.18 ng/100 pg, with smoking history,
13.91 ng/100 pg, P <.001; prospective cohort: without smoking
history, 22.12 ng/100 pg, with smoking history, 13.32 ng/100 png,
P <.001). In prospective cohorts, the urinary MDH2 concentration
revealed a correlation with histology (LUAD, 19.71 ng/100 ug, LUSC,
4.94 ng/100 pg, others, 8.47 ng/100 pg, P <.001).

3.4 | Expression of MDH2 in NSCLC tissues

We examined MDH2 RNA levels using 19 pairs of lung cancer tissues
(LUAD: 12; LUSC: 5; other pathological types: 2; Table S6) and nor-
mal lung tissues collected from patients at Tianjin Medical University
Cancer Institute and Hospital (P =.0067; Figure 3A). MDH2 expres-
sion at the RNA level was higher in lung cancer tissues. Protein level
detection further demonstrated the higher expression of MDH2 in
lung cancer tissues compared with in normal lung tissues (P =.0078;
Figure 3B). By data analysis in the GTEx and TCGA database using
UCSC Xena, we discovered that MDH2 expression at the RNA level
was also higher in LUAD and LUSC compared with in normal lung
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n 37- ! . ' MDH2
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< - L B-tubulin S
T — — — -
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FIGURE 3 Malate dehydrogenase 2 expression is upregulated in lung cancer tissues. A, MDH2 RNA expression levels in paired
normal lung tissue and cancer tissue (n = 19) were analyzed using gPCR. MDH2 expression is higher in lung cancer tissues compared with
normal lung tissues. P =.0067 using Wilcoxon test. B, MDH2 protein levels in paired normal lung tissue and lung cancer tissue (n = 8)
determined in triplicate using western blot analysis. The column graph indicates semi-quantitative analysis. P =.0078 using Wilcoxon test.
C, Representative images of immunohistochemical staining of MDH2 in LUAD, LUSC and normal lung tissue. Magnification x10 (top) and
%20 (bottom). LUAD, lung adenocarcinoma; LUSC, lung squamous carcinoma
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tissues or para-carcinoma tissues (P <.001; Figure S2A). Analysis of
data from the Human Protein Atlas showed that the overall survival
rate in the high MDH2 expression group was worse compared with
that in the low MDH2 expression group (P =.015, Figure S2B).

Next, we used 197 FFPE tissue samples from the prospective
cohort to analyze MDH2 expression by IHC. IHC staining showed
that 67.0% (132/197, Table 2) of NSCLC tissues were positive, while
normal lung tissues (n = 10) were almost negative for MDH2 staining
(Figure 3C). MDH2 expression was significantly associated with gen-
der (P =.005) and smoking history (P =.002, Table 2). These results

indicated upregulated MDH2 expression in lung cancer tissues.

3.5 | The effects of MDH2 knockdown on cell
proliferation in lung cancer cells

To explore the effects of MDH2 on lung cancer cell growth, we used
doxycycline-induced MDH2 knockdown A-549 (RRID: CVCL_0023),
HOP-62 (RRID: CVCL_1285) and PC-9 (RRID: CVCL_B260) cell lines
to perform a cell proliferation assay and cell colony-forming assay.
The MDH2 expression levels of the A-549 (RRID: CVCL_0023),
HOP-62 (RRID: CVCL_1285) and PC-9 (RRID: CVCL_B260) cell lines
were 6.3, 6.9, and 5.3 times lower after knockdown, respectively
(Figure 4A,B). MDH2 knockdown reduced the cell proliferation rate
and clone formation ability in all 3 cell lines (P <.0001; Figure 4C,D).
These data suggested that inhibition of MDH2 expression sup-

pressed cell proliferation.

4 | DISCUSSION

In this study, the level of urinary protein MDH2 was found to be
higher in patients with NSCLC compared with in the healthy popu-
lation. The ability of urinary MDH2 concentration to discriminate
patients with stage | NSCLC from healthy participants using a large-
sized sample was confirmed. AUC was 0.7234 in a prospective co-
hort. MDH2 expression levels were also higher in lung cancer tissues
compared with in normal tissues. Knockdown of MDH2 in lung can-
cer cell lines inhibited cell proliferation, therefore MDH2 could be a
potential noninvasive diagnostic biomarker for early-stage NSCLC.
Malate dehydrogenase 2 is 1 of the 2 main isoforms of malate de-
hydrogenase, which is an enzyme that catalyzes the interconversion
of malate and oxaloacetate utilizing the NAD*/NADH coenzyme
system.?? Itis generally present in mitochondria, participating in the
tricarboxylic acid cycle and malate-aspartate shuttle across the mito-
chondrial membrane.?®?* In this study, MDH2 was highly expressed
in lung cancer tissue and knockdown of MDH2 markedly reduced
cell proliferation in lung cancer cells. MDH2 overexpression was
also reported in endometrial carcinoma and prostate cancer.?>? A
previous study conducted by Luo and colleagues demonstrated that
knockdown of MDH2 significantly inhibited glucose consumption in
melanoma cells, resulting in cell growth suppression.?’ MDH2 may

repress cancer cell growth by influencing energy metabolism. Some

= 2357
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TABLE 2 Correlations between MDH2 expression and
clinicopathological characteristics

Expression
Variables Low High P-value
Gender
Male 14 59 .002
Female 51 73
Age
<65 53 98 .255
>65 12 34
History of smoking
Yes 14 55 .005
No 51 77
Pathological stage
| 49 87 104
Il 10 14
1 4 23
\Y 2 8
T stage
T1 31 69 .376
T2 25 42
T3 7 9
T4
Tx 0 4
N stage
NO 59 101 .051
N1 4 7
N2 2 15
N3 0 2
Nx 0 7
M stage
MO 62 125 .502
M1 3 8
Pathological types
Adenocarcinoma 62 115 .072
Squamous carcinoma 0 10
Other NSCLC 3 7

The bold values are an emphasis of the P values which are less than
0.05.

compounds that inhibit MDH2 showed antitumor efficacy.?®-3°

These findings suggested that MDH2, which is likely to serve as an
anticancer target protein, promotes tumorigenesis.

The MDH2 level in urine has not been previously reported. Our
study revealed that the urinary MDH2 level was elevated in patients
with NSCLC compared with that in healthy populations in 2 large-
sample cohorts. The AUC of the urinary MDH2 concentration used
to differentiate between patients with stage | NSCLC and healthy
participants was 0.7679 and 0.7234, respectively. Although the
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FIGURE 4 Knockdown of MDH2 inhibits lung cancer cell proliferation. A, MDH2 expression levels in different lung cancer cell lines are
significantly higher compared with that in the Bease2B cell (all P <.05). B, MDH2 expression levels in the A549, PC9, and Hop 62 cell lines
are 6.3-, 6.9-, and 5.3-fold lower after knockdown. All P <.0001 indicate Mann-Whitney U tests. C, Cell proliferation assay of A549 (left),
Hop62 (middle) and PC9 (right) after MDH2 knockdown. Red dots show the MDH2-knockdown groups and blue dots show the control
groups. Differences were calculated on the last day. All P <.0001 used paired t test. D, Colony-forming analysis of A549, Hop62, and PC9
lines with MDH2 knockdown. Representative figures are shown on the left. Comparison of the clone counts between control and MDH2
knockdown cells. Data are presented as mean + SEM. A549: P =.002, Hop62: P =.0014, PC9: P =.0014, using one-way ANOVA. Con,

control; Dox, doxycycline; KD, knockdown; OD, optical density

identity of urinary MDH2 was insufficient (58%-66%), the high sen-
sitivity will be helpful for screening the susceptible population.

We further included a few patients with BPN to test the ability of
urinary MDHZ2 to discriminate BPN from NSCLC. This biomarker may
not be useful for this purpose due to its unsatisfactory AUC and high
FPR, possibly due to the wide range caused by insufficient cases. Two
patients diagnosed as atypical adenomatous hyperplasia had higher
urinary MDH2 level. As a precursor lesion of LUAD, it is possible that

atypical adenomatous hyperplasia may lead to elevation in urinary

MDH2, as it is common that biomarkers from body fluid are unable
to distinguish benign disease from cancers. Brown and colleagues re-
ported that some circulating inflammation proteins were associated
with lung cancer, but produced no evidence that these proteins could
distinguish malignancy from benign lung nodules.3! From this study,
more patients with BPNs should further be included to determine if
urinary MDH2 can distinguish benign from malignant nodules.
Urine collection is the least invasive method of specimen col-

lection in clinical practice, and patients cooperated well during
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this study. Using urinary MDH2 as a biomarker, urine specimens
can be rapidly processed in batches using ELISA, which is also a
highly economical method. Therefore, this study provides a po-
tential noninvasive biomarker that may be used for lung cancer
screening.

This study has some limitations. First, the demographic char-
acteristics of the healthy participants did not completely match
those of the patients with NSCLC. The healthy controls were
younger and the smoking history was incomplete. Second, it was
unclear whether urinary MDH2 protein was specifically elevated
in NSCLC or if it is also highly expressed in other types of cancer.
As most patients admitted in this hospital were cancer patients,
the number of benign cases was inadequate. Third, dietary habit
and drug intake could influence urinary metabolites;*?® these
factors could not be ruled out, however the sample size was large,
which could reduce the confounding factors. Additionally, the
specificity of urinary MDH2 as a single biomarker for the early
detection of NSCLC was not sufficiently high, therefore its com-
bination with other biomarkers or LDCT should be considered.
Further validation is needed not only in a larger cohort but also in
diverse cancers.

In conclusion, MDH2 was significantly elevated both in the
urine and tissues of patients with NSCLC. The expression level
of MDH2 in the urine could serve as an assistant biomarker for
the early diagnosis of NSCLC. Although further validation and re-
search still need to be conducted, this noninvasive and easy-to-
obtain biomarker has the potential to improve the early detection
of and screening for NSCLC patient outcomes after seeking med-

ical attention.
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