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In this study, we describe a novel function of TNNC1 
(Troponin C1, Slow Skeletal and Cardiac Type), a component 
of actin-bound troponin, as a tumor suppressor of lung 
adenocarcinoma (LUAD). First, the expression of TNNC1 
was strongly down-regulated in cancer tissues compared to 
matched normal lung tissues, and down-regulation of TNNC1 
was shown to be strongly correlated with increased mortality 
among LUAD patients. Interestingly, TNNC1 expression was 
enhanced by suppression of KRAS, and ectopic expression 
of TNNC1 in turn inhibited KRASG12D-mediated anchorage 
independent growth of NIH3T3 cells. Consistently, activation 
of KRAS pathway in LUAD patients was shown to be strongly 
correlated with down-regulation of TNNC1. In addition, 
ectopic expression of TNNC1 inhibited colony formation 
of multiple LUAD cell lines and induced DNA damage, cell 
cycle arrest and ultimately apoptosis. We further examined 
potential correlations between expression levels of TNNC1 
and various clinical parameters and found that low-level 
expression is significantly associated with invasiveness of the 
tumor. Indeed, RNA interference-mediated down-regulation 
of TNNC1 led to significant enhancement of invasiveness in 
vitro. Collectively, our data indicate that TNNC1 has a novel 
function as a tumor suppressor and is targeted for down-
regulation by KRAS pathway during the carcinogenesis of 
LUAD.
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INTRODUCTION

Lung cancer represents one of the top-ranked cancers in 

terms of both incidence and mortality (Siegel et al., 2018). In 

United States, 234,030 new cases of lung and bronchus can-

cer had been predicted to occur in 2018 which in terms of in-

cidence would represent the second highest among all types 

of cancer (Siegel et al., 2018). Approximately 83,550 men 

and 70,500 women were projected to die that year from this 

disease which has been the leading cause of cancer-related 

death for over 25 years (Siegel et al., 2018). Given the poor 

prospect with the overall five-year survival rate of less than 

20%, there is an urgent need for development of new diag-

nostic and therapeutic strategies (Siegel et al., 2018).

 The most significant contribution to this end is likely to 

come from large-scale high-throughput sequencing projects 

and systems biological analyses which have provided compre-

hensive molecular profiling of multiple types of cancer. For 

lung cancers, the most notable study was published in 2014 

by The Cancer Genome Atlas Research Network, a genomics 

program aiming to molecularly characterize primary cancers 
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and matched normal samples of multiple cancer types (Can-

cer Genome Atlas Research Network, 2014). This particular 

study used 230 resected surgical samples whose transcrip-

tome and exome were subsequently profiled for somatic 

mutations, differentially expressed genes (DEGs) and altered 

pathways. Data from such studies are expected to bring new 

understanding to carcinogenesis at the molecular level and 

point to candidate actionable events. However, given that 

large scale studies typically result in hundreds of mutations 

and thousands of DEGs, there is a great need to distinguish 

the so-called drivers and passengers among mutations and 

DEGs based on functional analyses.

 Troponin, a complex of three regulatory proteins Troponin 

C, Troponin I and Troponin T, is best known for regulating 

muscle contraction as a component of the thin filament 

(Johnston et al., 2018). Accordingly, they are abundantly 

expressed in cytoplasm of skeletal and cardiac muscle cells. 

Mounting evidence also suggests that various subunits of tro-

ponin are expressed in non-muscle tissues and cells. These in-

clude eye, brain, ovary, lung, bone, and liver (Berezowsky and 

Bag, 1992; Chen et al., 2014; Johnston et al., 2018; Leung et 

al., 2014; Moses et al., 1999; Schmidt et al., 2006). Interest-

ingly, some of the troponin genes are found in nucleus rather 

than cytoplasm depending on cell types and were proposed 

to be involved in nuclear processes including transcription 

by RNA polymerase II (Casas-Tinto et al., 2016; Chase et 

al., 2013; Johnston et al., 2018; Sahota et al., 2009). Most 

intriguingly, troponin genes are expressed in diverse cancer 

cells and in immortalized cell lines and show oncogenic or 

tumor suppressor activities. For example, slow skeletal and 

cardiac type Troponin C1 (TNNC1) has been shown to me-

diate oncogenic activity of microfibrillar-associated protein 

5 (MFAP5) in ovarian cancer cells (Leung et al., 2014). Slow 

skeletal type Troponin I1 (TNNI1) is also reported to possess 

oncogenic activity as its down-regulation inhibited prolifer-

ation of human non-small cell lung carcinoma xenografts in 

mice (Casas-Tinto et al., 2016). In contrast, fast skeletal type 

Troponin I2 (TNNI2) has been reported to contain a potent 

inhibitory effect on blood vessel formation and thereby lead 

to inhibition of tumor growth (Moses et al., 1999).

 Here, we present data indicating that TNNC1 functions as 

a tumor suppressor of lung adenocarcinoma (LUAD). TNNC1 

is shown to be a DEG whose down-regulated expression is 

closely associated with KRAS activity and with poor survival. 

We present evidence from molecular functional analyses in-

dicating that TNNC1 mediates cell cycle regulation, apoptosis 

and tumor invasion as well.

MATERIALS AND METHODS

Patient samples and transcriptome analyses
Tumor and normal tissue samples were obtained from pa-

tients who had undergone curative surgery at the Samsung 

Medical Center (Korea). Informed consents were obtained 

from patients, and all plans and procedures were approved 

by the Institutional Review Boards of Samsung Medical 

Center (IRB No. 2010-08-063-006) in accordance with the 

Declaration of Helsinki. RNAseq for the said samples has 

been described (Yu et al., 2019), and the data for the tumor 

and matched normal samples were processed according to 

the TCGA pipeline of MapSplice-RSEM (Li and Dewey, 2011; 

Wang et al., 2010) using Ensembl 81 genome and transcript 

models. Sequence reads were normalized within-samples to 

the upper quartile of total reads. DEGs were obtained using 

Voom (Law et al., 2014) with false discovery rate < 0.001. 

TCGA gene expression data were downloaded at level 3 from 

the Broad GDAC Firehose website (released on January 28, 

2016) (Cerami et al., 2012; Gao et al., 2013).

KRAS pathway activity analysis
The Hallmark gene sets and C2 gene sets from the molecu-

lar signature database (MSigDB) were used to examine the 

correlation between the expression level of TNNC1 and the 

activity of KRAS pathway. Tumor RNA-Seq data from 502 

LUAD patients were used in the analysis. The pathway activity 

score was calculated using the GSVA method in R package. 

The TNNC1 expression levels for each group were compared 

by two sided Student’s t-test.

Cell culture
A549 and NCI-H2009, human LUAD cell lines, were obtained 

from the American Type Culture Collection (ATCC, USA). Cells 

were cultured in RPMI-1640 supplemented with 10% fetal 

bovine serum (Hyclone, USA). NIH3T3, mouse embryonic 

fibroblast cells were purchased from the ATCC and cultured 

in DMEM supplemented with 10% calf serum (Invitrogen, 

USA).

Knockdown of KRAS and real-time PCR analysis
A549 or H2009 cells at 40% confluence were transfected 

with 40 nM KRAS siRNA using Lipofectamine RNAiMAX (In-

vitrogen). siRNA duplexes of KRAS and scrambled negative 

control (NC) were obtained from Qiagen (USA). The target 

sequences of KRAS siRNAs are listed in Supplementary Table 

S1. After 48 h, total RNA was extracted using the TRIzol re-

agent (Invitrogen), and cDNA was synthesized by using GoS-

cirpt reverse transcriptase (Promega, USA) according to the 

manufacturer’s instructions. Real-time polymerase chain re-

action (PCR) analysis was carried out using CFX96 Real-time 

PCR detection system (Bio-Rad, USA) with SYBR Select 

Master Mix (Invitrogen). Cycling conditions were as follows: 

pre-denaturation for 2 min at 95°C, a 2-step reaction (40 

cycles) of 10 s at 95°C and 40 s at 60°C followed by dissocia-

tion peak analysis. The sequences for oligonucleotide primers 

used are listed in Supplementary Table S2. The mRNA expres-

sion values of target genes were calculated with Bio-Rad CFX 

Manager Software. Normalization using two endogenous 

control genes, ACTB and HPRT1, was applied for analysis of 

mRNA expression values.

Ectopic expression of TNNC1
The coding regions of TNNC1 was amplified by PCR and 

cloned into the LZRS retroviral vector plasmid with V5 epitope 

tag at the C-terminus along with IRES-GFP (internal ribosome 

entry site-green fluorescent protein) as previously described 

(Jung et al., 2015a; Kim et al., 2003). The control virus ex-

presses just GFP. Preparation of high titer virus was carried 

out using 293GPG cells following previously published proto-
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cols with minor modifications (Jung et al., 2015a; Kim et al., 

2003). Detailed procedures on construction of pLZRS vectors 

and production of pseudotyped viral particles are available 

upon request.

Soft agar colony formation assay
Soft agar colony formation assay was carried out as described 

previously with minor modifications (Jung et al., 2015a; 

2015b). NIH3T3 cells were seeded at a density of 3 × 104 

per well in 12-well tissue culture plates and infected with 

the retrovirus. After two days, 2,000 cells were resuspended 

in complete media containing 0.35% Difco Noble agar (BD 

Biosciences, USA) and plated on the top of solidified 0.9% 

base agar containing complete media. Twenty-one days after 

plating the cells in soft agar, cells were stained with 1 mg/ml 

of MTT solution overnight. The colonies were counted using 

OpenCFU (Geissmann, 2013) version 3.9.

Conventional RT-PCR analysis
For conventional reverse transcription PCR (RT-PCR) analysis, 

cDNA was amplified using Platinum Taq DNA polymerase 

(Invitrogen) and primers for TNNC1 in reaction of 30 cycles at 

annealing temperature of 60°C. ACTB expression was used 

as an internal control.

Colony formation assays
A549 and H2009 cells were plated at a density of 2 × 104 

and 3 × 104, respectively in 12-well tissue culture plates. After 

incubation for 24 h, cells were infected with the retrovirus. 

Two days after infection, 1,000 live A549 cells and 2,000 live 

H2009 cells were re-plated in 6-well tissue culture plates in 

duplicates. Nine days (A549) or 13 days (H2009) after incu-

bation, colonies were stained with 0.1% Coomassie Blue in 

45% methanol and 10% acetic acid solution. Colony num-

bers were determined using OpenCFU.

Apoptosis and cell cycle analyses by flow cytometry
For apoptosis analyses, cells were seeded and infected with 

the retrovirus. After 96 h, trypsinized cells were collected 

and washed with cold PBS and resuspended in 1× Annexin 

V binding buffer (BD Biosciences) at a concentration of 1 × 

106 cells/ml. After staining with propidium iodide and V450 

annexin V (BD Biosciences), flow cytometric analyses typically 

using 10,000 cells were carried out using BD LSRFortessa cell 

analyzer. For cell cycle analyses, cells were seeded in 6-well 

plates and infected with the retrovirus. After 48 h, trypsinized 

cells were washed with cold PBS and fixed with 70% ethanol 

overnight. Subsequently, cells were stained with 50 µg/ml 

propidium iodide (PI; Sigma, USA) in PBS containing 10 µg/

ml RNase A (Sigma) and 0.1% Triton X-100 at RT for 15 min. 

Flow cytometry for cell cycle analysis was carried out using BD 

LSRFortessa cell analyzer (BD Biosciences) and the distribution 

of a total of 10,000 nuclei was determined using BD FACSDi-

va software (BD Biosciences).

Western blotting analysis
TNNC1-V5-expressing cells were harvested and lysed using 

RIPA buffer as described previously (Jung et al., 2015a). Pri-

mary antibodies used in immunoblot analyses are as follows: 

anti-V5 (Invitrogen), anti-p53 (Santa Cruz Biotechnology, 

USA), anti-p21 Waf1/Cip1 (Cell Signaling Technology, USA), 

anti-CDC25C (Cell Signaling Technology), anti-Cyclin B1 (Cell 

Signaling Technology), anti-α-tubulin (AbFrontier, Korea), 

and anti-γH2AX (Millipore, USA). Peroxidase-conjugated 

secondary antibodies were used for detection in combination 

with AbSignal Western Blotting Detection Reagent kit (Ab-

clon, Korea) or enhanced chemiluminescence detection kit 

(Amersham-Pharmacia Biotech, USA) following the manu-

facturer’s protocols.

Immunofluorescence assay
For immunofluorescence, the transduced cells were fixed 

in 4% paraformaldehyde, permeabilized with 0.1% Triton 

X-100 in PBS and blocked with 1% BSA in PBS. Cells were 

first stained with anti-γH2AX antibody or anti-V5, followed 

by Alexa Fluor 594 goat anti-mouse (Invitrogen) and DAPI 

(4',6-diamidino-2-phenylindole) treatment and were exam-

ined by epifluorescence microscopy.

Knockdown of TNNC1 and cell invasion assay
Cell invasion assay was performed with BD BioCoat Matrigel 

Invasion Chambers (BD Bioscience) according to the manu-

facturer’s instruction. siRNA duplexes of TNNC1 and scram-

bled negative control (NC) were obtained from GE Dharma-

con (USA). A549 cells at 40% confluence were transfected 

with 40 nM TNNC1 siRNA using Lipofectamine RNAiMAX. 

After 48 h, 5 × 104 cells in serum free media were transferred 

to the upper chamber. After 24 h of incubation, the invading 

cells were fixed with 100% methanol and stained with 0.1% 

Coomassie blue. Three random fields were selected under the 

light microscope and the number of the invading cells were 

counted using the ImageJ software (Schneider et al., 2012).

Statistical analysis
The association between TNNC1 RNA expression and the 

clinicopathological features was evaluated using chi-square 

test. Receiver operating characteristic (ROC) curves for death 

and recurrence detection were constructed and the optimal 

cut-off value of TNNC1 expression was determined based on 

Youden index. Kaplan–Meier curves and the log-rank tests 

were used to analyze the overall survival (OS) and the recur-

rence free survival (RFS) of LUAD patients using the R survival 

package version 2.41-3 and GraphPad Prism 6 (GraphPad 

Software, USA) software. The results from TNNC1 mRNA 

expression levels, colony formation, apoptosis, cell cycle and 

invasion assays between the different groups were evaluated 

by two sided Student’s t-test. Typically, data from three in-

dependent experiments were used for statistical analyses. P 

values less than 0.05 were considered statistically significant.

RESULTS

KRAS pathway and TNNC1 have a mutually antagonistic 
relationship
We analyzed RNA-seq data from tumor and matched normal 

samples of 102 LUAD patients, and a total of 1,533 DEGs 

were identified as significantly down-regulated genes in 

tumor tissues. Tumor suppressor candidates were isolated 
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RNA-Seq data from 102 LUAD patients 
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Fig. 1. Isolation of KRAS-targeted tumor suppressor candidates. (A) Schemata of the filtering pipeline for KRAS-mediated tumor 

suppressor candidate genes. Consistency indicates consistent direction of change for differential expression among 102 individual 

patients. (B) Real-time RT-PCR analyses using A549 cells transfected with two independent siRNAs specific for KRAS. Data are mean ± 

SEM of three independent experiments for each gene. Asterisk (*) represents P value of < 0.05 compared to the control siRNA (siControl). 

Note that TNNC1 and STXBP6 were significantly up-regulated by KRAS down-regulation. (C) Association of TNNC1 RNA expression with 

KRAS signaling activity. For the TCGA-LUAD patients (n = 502), pathway activity was estimated from the tumor expression values (given 

in normalized expression level) using the GSVA algorithm for two gene sets obtained from the MSigDB (KRAS_Up and KRAS_Down). 

Patients were divided into high, mid, and low groups according to the pathway activity of each gene set. The middle bar in each box 

shows the median score. The outliers indicated by separate dots. The TNNC1 expression levels for the two groups were shown in the box 

plots with two sided Student’s t-test comparison. P values are indicated. Note the down-regulation of TNNC1 in the case of high KRAS 

pathway activity and the opposite in the case of low KRAS pathway activity.
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based on several additional filtering criteria including FDR 

< 0.001 in Voom analysis, consistency of > 98%, Log2 fold 

change of median normalized reads (MNRs) in normal versus 

tumor tissue < –3, and MNRs of normal tissue > 1,500 and 

MNRs of tumor tissue < 1,000 (Fig. 1A). From the 28 genes 

thus found, we were able to obtain reliable results from re-

al-time PCR analyses for 15 genes indicating sufficient levels 

of expression in A549 cells (Fig. 1B).

 We proceeded to examine changes in their expression 

upon inhibition of KRAS expression by RNA interference 

with two independent siRNA sequences. Two genes, STXBP6 

and TNNC1, showed significant increases from this initial 

screening (Fig. 1B) although other genes such as SLC6A4 

and UPK3B may merit further examination. For subsequent 

analyses in this study, we focused on TNNC1.

 First, we investigated the association of TNNC1 expression 

with the activity of KRAS signaling pathway. Using RNA-Seq 

data from 502 TCGA LUAD patients, we estimated the path-

way activities using the GSVA algorithm (Hanzelmann et al., 

2013) for the pathways in the MSigDB database (Liberzon 

et al., 2011). TNNC1 expression showed significant negative 

correlation with both the KRAS signaling pathway (Fig. 1C), 

strongly suggesting the tumor suppressive roles of TNNC1 in 

LUAD patients.

 We further investigated the interaction between KRAS and 

TNNC1. First, inhibition of KRAS was carried out using anoth-

er lung cancer cell line, H2009 in addition to A549. TNNC1 

expression was up-regulated as the consequence in both of 

cell lines consistent with the generality of inhibition of TNNC1 

by KRAS signaling (Fig. 2A). Next, we utilized the well-es-

tablished soft agar assay using NIH3T3 cells to test if TNNC1 

can inhibit anchorage independent growth induced by the 

oncogenic KRAS mutant (Jung et al., 2015a). Retroviruses 

expressing TNNC1 and KRASG12D were generated and used to 

infect NIH3T3 cells which were subsequently seeded and cul-

tured in soft agar. Indeed, both the size and number of colo-

nies decreased significantly upon co-expression of TNNC1 in 

KRASG12D expressing cells (Fig. 2B). This is consistent with a 

mutually inhibitory regulation between KRAS and TNNC1 and 

with a potentially meaningful function of TNNC1 as a tumor 

suppressor.

Down-regulation of TNNC1 expression is correlated with 
poor survival
We examined the expression of TNNC1 in our group of 

102 patients and in the 58 LUAD patients with matched 

tumor-normal data from TCGA data in detail. Both groups 

showed statistically significant down-regulation of TNNC1 in 

tumor tissues (Fig. 3A). We examined a subset of our patient 

group by conventional RT-PCR and found without excep-

tion that TNNC1 expression was down-regulated in tumors 

compared to matched normal tissues (Fig. 3B). We next 

investigated if the lowered expression of TNNC1 has a prog-

nostic value using our patients whose survival data to date 

were available using Kaplan–Meier and ROC analyses. Both 

OS and recurrence-free survival showed that high expression 

of TNNC1 was associated with better survival although the 

OS did not have the statistical significance of P value < 0.05 

most likely due to the limited number of patients (Figs. 3C 

Fig. 2. Mutual inhibition of KRAS and TNNC1. (A) Real-time 

RT-PCR analyses using A549 and H2009 cells transfected with 

siRNAs specific for KRAS. siControl represents negative control 

siRNA. Data are mean ± SEM of three independent experiments. 

Asterisk (*) represents P value of < 0.05 compared to siControl. 

Note the down-regulation and up-regulation of KRAS and 

TNNC1, respectively. (B) TNNC1 inhibits KRASG12D-induced 

anchorage independent growth of NIH3T3 mouse fibroblast cells. 

Virus-infected cells were cultured in soft agar for 28 days and 

then stained with MTT solution. In the lower panels, enlarged 

images of representative colonies are shown. Bar graph displays 

colony count results from soft agar assay. Data are mean ± SEM 

of three independent experiments. Asterisk (*) represents P value 

of < 0.05. Note the significant decrease in both the size and 

number of colonies upon expression of TNNC1.
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Fig. 3. Down-regulation of TNNC1 in LUADs. (A) Box-plots of TNNC1 RNA expression in normal-tumor matched 102 LUAD patients 

in this study (left panel) and of normal-tumor matched 58 LUAD patients from TCGA data (right panel). The bold line in the middle of 

each box represents the median level. (B) Conventional RT-PCR confirmation using normal (N) and tumor (T) tissue samples from 6 

representative LUAD patients. ACTB was used as the amplification control. NTC stands for no template control and M stands for size 

markers. Tumor tissues are marked by decreased TNNC1 expression. (C) Kaplan‐Meier survival curves. LUAD patients (n = 102) were 

divided into two groups based on TNNC1 RNA expression, and the survival data from high and low groups determined from ROC analysis 

were used for Kaplan-Meier analysis. Long-term survival was weakly co-related with the higher expression of TNNC1. (D) Recurrence free 
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and 3D). Similar analysis for the TCGA LUAD cohort using 

TNNC1 expression in tumor tissue indicated that only OS was 

significant (P = 0.011) (Supplementary Fig. S1). The better 

survival for high expression group for > 5 year period is once 

again consistent with a meaningful role of TNNC1 as a tumor 

suppressor.

TNNC1 affects cell cycle and survival
Using colony formation assay, we examined if TNNC1 has 

an inhibitory effect on cell growth in two independent cell 
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resulting colonies were stained 

with Coomassie blue and counted. 
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of < 0.05. (B) Four days after 

infection of A549 and H2009 cells, 

apoptosis was evaluated by flow 

cytometric analysis after staining 

for PI and Annexin V. Note the 

strong induction of apoptosis 

in both A549 and H2009 cells. 

Graphs to the right show the 

results from three independent 

experiments as mean ± SEM. 

Asterisk (*) represents P value of < 

0.05.
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lines, A549 and H2009. Upon ectopic expression of TNNC1, 

we saw a dramatic decrease in colony numbers in both cell 

lines (Fig. 4A). Next, in order to determine if TNNC1 induced 

apoptosis, we carried out flow cytometric analyses. Indeed, in 

4 days after ectopic expression of TNNC1, significant increas-

es in Annexin V and PI positive cells were seen from both 

A549 and H2009 cells (Fig. 4B).

 One frequently seen effect of tumor suppressor expres-

sion is the induction of cell cycle arrest. We examined the 

cell cycle progression of A549 and H2009 cells after ectopic 

expression of TNNC1 using PI staining and flow cytometric 

analyses. Interestingly, in 2 days after viral transduction, A549 

cells showed a significant decrease in the fraction of cells in 

the S phase and a corresponding increase in the fraction of 

cells in G1 phase (Fig. 5A). This was consistent with G1 arrest 

induction. In contrast, H2009 cells showed increase in S and 
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Fig. 5. Cell cycle arrest induced 

by TNNC1. Ectopic expression of 

TNNC1 induces cell cycle arrest at 

different stages depending on p53 

mutation status. (A) A549 and 

H2009 cells were infected with 

control virus or TNNC1-expressing 

virus, and cell cycle progression 

was analyzed by flow cytometry 

after 2 days. Representative 

histograms are shown. Graphs to 

the right show the proportion of 

cells in each cell cycle phase from 

flow cytometric analyses. Note 

that in A549 cells with the wild 

type p53, G1 arrest is induced. 

In H2009 cells with mutant p53, 

S and G2/M arrest is induced. 

Data are mean ± SEM of three 

independent experiments. Asterisk 

(*) represents P value of < 0.05. (B) 

Immunoblot analyses of A549 and 

H2009 cell lysates after 2 days of 

viral infection. α-Tubulin was used 

as the loading control. Note the 

induction of p53 and p21 in A549 

cells and the reduction of CDC25C 

and Cyclin B1 in H2009 cells.
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G2/M phase cells and decrease in G1 phase (Fig. 5A) consis-

tent with G2/M arrest. The respective arrest patterns were 

corroborated by immunoblotting for cell cycle protein mark-

ers. Specifically, in A549 cells, p53 and p21 are up-regulated 

while CDC25C and Cyclin B1 were not altered (Fig. 5B). In 

H2009 cells, p53 expression was not altered while expression 

of CDC25C and Cyclin B1 decreased (Fig. 5B). The differential 

effects on cell cycle most likely reflect the mutation status of 

p53. It has been reported in multiple studies that with wild 

type p53 as in the case of A549 cells, cell cycle is arrested by a 

serial action of p53 and p21 at the G1 phase. In cells without 

intact p53 as in H2009 cells, the cell cycle bypasses G1 check-

point and the arrest occurs later in G2/M stage (Hata et al., 

2005; Ma et al., 2017; Normand et al., 2005). Interestingly, 

p21 expression is not seen in H2009 cells possibly reflecting 

the induction of this gene by p53 which is inactive in H2009 

cells (Abbas and Dutta, 2009).

 The differential response based on p53 status suggested 

that TNNC1 possibly induces or mediates DNA damage re-

sponse which would in turn normally induce p53 response 

and G1 arrest. We examined cells after ectopic expression of 

TNNC1 for DNA damage response whose hallmark is accu-

mulation of γH2AX, the phosphorylated form of H2AX signi-

fying double-strand breaks. Indeed, within 24 h after intro-

duction of TNNC1, induction of γH2AX was detected by im-

munoblotting and by immunocytochemical staining in both 

A549 (Fig. 6, upper panels) and H2009 cells (Fig. 6, lower 

panels). We examined the expression pattern of TNNC1 in 

the cell using the epitope tag and found that it is expressed 

mostly in the nucleus (Supplementary Fig. S2) suggesting a 
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Fig. 6. DNA damage response induced by TNNC1. A549 and H2009 cells were infected with control virus or TNNC1-expressing virus 

and induction of γH2AX was analyzed. (A) Immunoblot analyses of γH2AX in A549 and H2009 cells. Note the strong γH2AX-induction 

upon expression of TNNC1 in 24 h. α-Tubulin was used as the loading control. (B) Immunofluorescence analysis of γH2AX in A549 and 

H2009 cells. DAPI counter-stained nuclei are positive for γH2AX in 24 h.
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possibly direct and physical role of TNNC1 in inducing DNA 

damage response. Taken together, the progression of events 

is consistent with induction of DNA damage followed by cell 

cycle arrest ultimately leading to apoptosis.

Down-regulation of TNNC1 enhances invasiveness of tu-
mor
We next used clinical data to test if any of the major clin-

ical parameters were correlated with the expression level 

of TNNC1 (Table 1). We used the two patient groups, high 

TNNC1 expression group (n = 64) and low TNNC1 expression 

group (n = 38), defined from the OS analysis and performed 

Pearson’s chi-squared test and examined for statistical sig-

nificance. Interestingly, in addition to tumor size and tumor 

stage, two additional parameters, vascular invasion and 

visceral pleural invasion showed P value of 0.009 and 0.004 

consistent with that higher the TNNC1 expression, less likely 

for invasion to have happened. We attempted to confirm this 

correlation using Matrigel invasion assay. While ectopic ex-

pression of TNNC1 had little effect on the behavior of A549 

cells (data not shown), knockdown of TNNC1 by specific siR-

NAs promoted invasive activity of the cells over 2 fold (Fig. 7, 

Supplementary Fig. S3) suggesting that down-regulation of 

TNNC1 may be causally associated with invasiveness in LUAD.

Table 1. Association of TNNC1 expression and clinical features in 102 lung adenocarcinoma patients 

Clinicopathological features
TNNC1 expression

χ2 P value
Low (n = 38) High (n = 64)

Age (y) < 62 19 31 0.02 0.879

≥ 62 19 33

Tumor size (cm) < 3 21 47 6.52 0.038*

3-5 16 12

≥ 5 1 4

Null 0 1

Pathologic stagea 1 23 41 1.89 0.595

2 8 8

3 7 14

4 0 1

T stagea 1 15 41 13.2 0.004*

2 23 17

3 0 5

4 0 1

N stagea 0 24 44 4.7 0.094

1 7 3

2 7 14

Null 0 3

Differentiation grade Well differentiated 1 8 2.7 0.257

Moderately differentiated 29 47

Poorly differentiated 3 4

Null 5 5

Vascular invasion No 33 61 6.9 0.009*

Yes 4 0

Null 1 3

Lymphatic invasion No 21 44 2.4 0.118

Yes 16 17

Null 1 3

Visceral pleural invasion No 21 53 8.1 0.004*

Yes 15 10

Null 2 1

Recurrence status No 21 41 1 0.326

Yes 17 22

Null 0 1

Major clinicopathological features and subcategories therein are listed. Patients are grouped into either high or low TNNC1 expression 

groups as in Fig. 3C. The chi-squared test shows significant correlation with tumor size, tumor stage, vascular invasion, and visceral pleu-

ral invasion. 

Null, no data.

*P < 0.05.
aThe clinical and pathological stage was determined according to the 7th edition of the American Joint Committee on Cancer.
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DISCUSSION

Multiple large-scale high throughput sequencing projects for 

diverse types of cancers have been reported recently. In the 

case of lung cancer, a comprehensive multi-layered profiling 

of 230 LUAD is the most representative (Cancer Genome 

Atlas Research Network, 2014). While numerous mutations, 

DEGs and altered pathways have been proposed for their po-

tential involvement, each event clearly needs to be carefully 

re-examined for its significance in carcinogenesis by experi-

mental validation as a large fraction of them is likely to be the 

so-called ‘passenger’ events.

 Several studies have reported that various troponin genes 

are expressed in a variety of non-contracting cells and in-

volved in cancer development although the exact function 

and mechanism for their activities are barely known (John-

ston et al., 2018). From our sequencing analyses of matched 

normal and tumor samples of over 100 never-smoker female 

patients of LUAD, TNNC1 was identified as a down-regulat-

ed DEG, and multiple lines of evidence from our molecular 

analyses on cell growth, cell cycle alteration, DNA damage 

and apoptosis indicate that TNNC1 indeed functions as a 

tumor suppressor. It appears that DNA damage was the first 

event to take place after ectopic expression of TNNC1. How 

exactly DNA damage response was induced is not clear, but 

the effect may be direct as TNNC1 has been reported to be 

localized in the nucleus in cancer cells (Casas-Tinto et al., 

2016; Johnston et al., 2018; Sahota et al., 2009). The ectopic 

protein used in this study is also found in nucleus consistent 

with such reports (Supplementary Fig. S2). One caveat is that 

we were not able to find a commercial antibody that con-

sistently reflects the ectopic expression or inhibition by RNA 

interference of the target gene, TNNC1.

 Our data indicate that TNNC1 has a potential prognostic 
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value for LUAD as down-regulation is highly correlated with 

invasiveness of the cancer and with decreased likelihood of 

recurrence-free survival. Of note, visceral pleural invasion is 

a major indicator for aggressiveness for non-small cell lung 

cancer which encompasses LUAD (Brewer, 1977; Shimizu 

et al., 2005). Down-regulation of TNNC1 in fact enhanced 

invasiveness of A549 cells in vitro, and this should provide a 

setting for studying detailed molecular mechanisms for this 

function of TNNC1 down the road.

 It is also interesting that TNNC1 is targeted for down-regu-

lation by KRAS signaling pathway. Furthermore, TNNC1 was 

shown to inhibit KRAS activity as shown in anchorage inde-

pendent growth of NIH3T3 cells. The data, although limited 

by the use of a fibroblast cell line rather than LUAD cell lines, 

are consistent with that down-regulation of TNNC1 may be 

a necessary step for efficient oncogenesis mediated by acti-

vation of KRAS pathway or mutation of component genes. 

Given that mutations in EGFR, KRAS and BRAF collectively 

account for up to 40% of the LUAD, finding targets or reg-

ulators of this pathway seems to be of particular importance 

(Brainard and Farver, 2019; Pao and Girard, 2011).

 Although our data together render TNNC1 as a prime tu-

mor suppressor candidate for LUAD, the gene is not likely to 

be a universal tumor suppressor. Of the 17 types of tumor 

with sufficient cases of matched tumor and normal tissues, 

6 types including LUAD, HNSC, KICH, KIRC, KIRP and LUSC 

show significant down-regulation (P < 0.05) in tumor tissues 

while for LIHC, STAD, and UCEC, the opposite appears to 

be the case (Supplementary Fig. S4; HNSC, head and neck 

squamous cell carcinoma; KICH, kidney chromophobe; KIRC, 

kidney renal clear cell carcinoma; KIRP, kidney renal papillary 

cell carcinoma; LUSC, lung squamous cell carcinoma; LIHC, 

liver hepatocellular carcinoma; STAD, stomach adenocarci-

noma; UCEC, uterine corpus endometrial carcinoma). Ex-

amination of survival in these cancers indicates that only in 

STAD the expression level of TNNC1 is correlated with survival 

(Supplementary Fig. S5). TNNC1 could therefore function as 

an oncogene in STAD. An outstanding question thus would 

be if the same molecular activity of TNNC1 may be oncogenic 

in certain cellular context. Other remaining questions include 

whether TNNC1 functions as a tumor suppressor in a manner 

that requires formation of the troponin complex. More likely, 

it may be that TNNC1 is truly a ‘moon-lighting’ protein with a 

novel mode of action in functioning as a tumor suppressor as 

we saw virtually no expression of Troponin I and Troponin T 

at least at the mRNA level.

Note: Supplementary information is available on the Mole-

cules and Cells website (www.molcells.org).
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