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ABSTRACT 
Background. Endoplasmic reticulum (ER) stress has a 
close relation with cancer progression. Blocking the adap-
tive pathway of ER stress could be an anticancer strategy. 
Here, we identified an ER stress-related gene, Transducin 
beta-like 2 (TBL2), an ER-localized type I transmembrane 
protein, on increased chromosome 7q as a candidate driver 
gene of lung adenocarcinoma (LUAD).
Methods. The association between TBL2 mRNA expression 
and prognostic outcomes and clinicopathological factors was 
analyzed using The Cancer Genome Atlas (TCGA) data-
sets of LUAD and lung squamous cell carcinoma (LUSC). 
Localization of TBL2 in tumor tissues was observed by 
immunohistochemical staining. Gene set enrichment analy-
sis (GSEA) was conducted using TCGA dataset. In vitro cell 
proliferation assays were performed using TBL2 knockdown 
LUAD cells, LUSC cells, and LUAD cells overexpressing 
TBL2. Apoptosis and ATF4 expression (ER stress marker) 
were evaluated by western blotting.
Results. TBL2 was overexpressed in LUAD and LUSC 
cells. Multivariate analysis indicated high TBL2 mRNA 
expression was an independent poor prognostic factor 
of LUAD. GSEA revealed high TBL2 expression was 

positively correlated to the ER stress response in LUAD. 
TBL2 knockdown attenuated LUAD cell proliferation under 
ER stress. TBL2 inhibited apoptosis in LUAD cells under 
ER stress. TBL2 knockdown reduced ATF4 expression 
under ER stress.
Conclusions. TBL2 may be a novel driver gene that facili-
tates cell proliferation, possibly by upregulating ATF4 
expression followed by adaptation to ER stress, and it is a 
poor prognostic biomarker of LUAD.

Lung cancer (LC) is one of the most common cancers 
worldwide.1 Non-small cell lung cancer (NSCLC) repre-
sents 85% of LC, with an incidence that is constantly ris-
ing globally. Unfortunately, despite important therapeutic 
breakthroughs such as immunotherapy and targeted molecu-
lar therapy, the number of NSCLC patients who respond to 
treatment is limited and NSCLC remains a leading cause of 
cancer-related death.2,3 Therefore, identifying a novel thera-
peutic target and developing a strategy for NSCLC treatment 
are urgently needed to improve the prognosis of NSCLC 
patients.

Recently, endoplasmic reticulum (ER) stress and the 
unfolded protein response, the cellular response to ER stress, 
have attracted increasing interest because of their associa-
tion with cancer progression. ER is an essential intracel-
lular organelle responsible for folding and posttranslational 
modification of membrane and secreted proteins. Defective 
proteins accumulate upon exposure to changes in the extra-
cellular or intracellular environment. This condition is called 
ER stress.4,5 The cellular response to ER stress plays a vital 
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role in cell proliferation, cell cycle regulation, and apoptosis, 
thereby maintaining cellular homeostasis.5–8 Accumulating 
evidence suggests that ER stress promotes the growth of 
breast cancer, melanoma, and prostate tumors by facilitating 
cell proliferation and angiogenesis.4,5,9–12 Thus, ER stress 
response-related genes may be promising therapeutic targets 
for NSCLC.

Multiregional genomic analysis of solid tumors has 
shown a positive correlation between the chromosome 
amplification frequency and driver gene density, suggesting 
that chromosome amplification is a driving force of tumor 
progression in various malignancies including LC.13 In fact, 
EGFR, ALK, BRAF, and MET, which are representative 
driver genes in lung adenocarcinoma (LUAD), are located 
on amplified chromosomes in LUAD.14 These findings sug-
gest that amplified chromosomes have novel driver genes 
that facilitate tumor growth of LUAD.

In this study, we identified ER stress-related gene TBL2 
on amplified chromosome 7q as a novel potential driver gene 
in LUAD using a bioinformatics approach that we had estab-
lished previously with public dataset.15–19 Then, we explored 
the clinical and oncogenic characteristics of TBL2 expres-
sion in LUAD.

METHODS

Public Datasets

RNA sequencing, DNA copy number, and clinical data 
for 503 LUAD and 495 LUSC patients were obtained from 
the Broad Institute Firehose in The Cancer Genome Atlas 
(TCGA) (https:// gdac. broad insti tute. org/ runs/ stdda ta__ 
2016_ 01_ 28/ data/ LUAD/ 20160 128/, https:// gdac. broad 
insti tute. org/ runs/ stdda ta__ 2016_ 01_ 28/ data/ LUSC/ 20160 
128/). Subject gene alterations with mutations were found in 
the Catalogue of Somatic Mutations in Cancer (COSMIC) 
dataset (https:// cancer. sanger. ac. uk/ cosmic) (accessed 17 
September 2022).

Clinical Samples for Immunohistochemistry

Formalin-fixed, paraffin-embedded sections of tumor and 
normal tissue were obtained from ten cases each of LUAD 
and LUSC patients who underwent surgical resection at 
Kyushu University. All protocols used in this study were 
approved by the local ethics review board of Kyushu Uni-
versity (no. 2020-613).

Selection of Candidate Driver Genes

We extracted candidate driver genes from 7311 genes 
on chromosome 7 in TCGA using the following criteria: 
Overexpressed (> 1.5-fold) in tumor tissues compared with 
normal tissues, DNA copy number positively correlated to 
the mRNA expression level (cutoff for correlation coefficient 
was 0.4), and the high mRNA expression group was signifi-
cantly associated with a poor prognosis (P < 0.05).

Cell Lines and Culture

Human LUAD cell line A427, A549 and LUSC cell line 
H226 were obtained from the American Type Culture Col-
lection (ATCC, Manassas, VA). LUAD cell line PC9 was 
obtained from the RIKEN Cell Bank (Tokyo, Japan). LUAD 
cell line RERF-LC-Ad1 was obtained from the Japanese 
Collection of Research Bioresources (Tokyo, Japan). LUSC 
cell line Qg56 was obtained from IBL (Gunma, Japan). Cell 
lines were cultured in Roswell Park Memorial Institute 1640 
medium (Wako, Osaka, Japan) supplemented with 10% fetal 
bovine serum and streptomycin 100 U/ml at 37 ℃ with 5% 
 CO2. To induce ER stress conditions, cells were incubated 
in 6 h under hypoxia and low nutrition using glucose-free 
Roswell Park Memorial Institute (RPMI) 1640 medium 
(Wako) supplemented with 10% fetal bovine serum and 
Anaero Pack Kenki for Cell Culture (Mitsubishi Gas Chemi-
cal, Tokyo, Japan). ER stress was determined by measuring 
the expression level of ER stress marker ATF4 by western 
blot analysis.

RNA Extraction and Reverse Transcription–Quantitative 
Polymerase Chain Reaction

RNA was extracted from cell lines using ISOGEN-II 
(Nippon Gene, Tokyo, Japan) in accordance with the manu-
facturer’s instructions. Reverse transcription–quantitative 
polymerase chain reaction was performed as reported pre-
viously.17 Polymerase chain reaction was performed using 
the following oligonucleotide primers.

FIG. 1  TBL2 is a candidate driver gene of lung adenocarcinoma. 
a DNA copy number variations in chromosomal arms of 518 lung 
adenocarcinoma (LUAD) and 501 lung squamous cell carcinoma 
(LUSC) tissues using data from TCGA. b Schematic diagram of the 
strategy to select candidate driver genes of LUAD. c Correlation 
between the DNA copy number and mRNA expression in LUAD and 
LUSC datasets from TCGA. R is the Pearson correlation coefficient. 
d Percentage of TBL2 DNA copy number gain in LUAD and LUSC 
in the TCGA datasets. e Frequency of TBL2 mutations in LUAD in 
the COSMIC dataset. f TBL2 mRNA expression in tumor and nor-
mal lung tissues in LUAD and LUSC datasets from TCGA. g Immu-
nohistochemical staining of TBL2 in LUAD and normal tissues. N, 
normal tissue; T, tumor tissue. Original magnifications: ×50, ×200, 
and ×400. (H) Immunohistochemical staining of TBL2 in LUSC and 
normal tissues. N, normal tissue; T, tumor tissue. Original magnifica-
tions: ×50 and ×200

◂
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mRNA expression was normalized to GAPDH mRNA 
expression as an internal control in each sample.

Immunohistochemical Analysis

Immunohistochemistry of TBL2 in LUAD and LUSC 
tissue samples was performed as reported previously.20 A 
rabbit polyclonal anti-TBL2 antibody (12488-1-AP; Protein-
Tech, Chicago, IL) diluted 1:200 was used as the primary 
antibody. Histological evaluation of tumors was performed 
by an experienced pathologist (T.T.).

Knockdown by Small Interfering RNAs

TBL2-specific siRNAs (#s25572 and #s226084; Thermo 
Fisher Scientific, Waltham, MA, USA) and negative control 
siRNA (Thermo Fisher) were used. Transfection of LUAD 
cells and LUSC with siRNAs was performed using Lipo-
fectamine RNAiMAX (Thermo Fisher) in accordance with 
the manufacturer’s instructions.

Transient Overexpression of TBL2 in Lung Cancer Cell 
Lines

A TBL2 plasmid (NM_012453; Origene, Rockville, MD, 
USA) was transfected into A427 cells using a jetPRIME 
kit (Polyplus Transfection, USA). Control A427 cells were 
transfected with an empty vector (pCMV6-Entry Vector; 
Origene). Twenty-four hours after transfection, proliferat-
ing clones were collected and cultured. TBL2 expression 
was confirmed by western blotting. A427 cells were selected 
in medium containing 600 μg/ml G418 (Sigma, St. Louis, 
MO, USA).

TBL2 ∶ 5
� − GAAGAAGTCTTGTCAACTAAA − 3

� (sense)

and 5�TTAGATCATGACATAAGGGA − 3�(antisense)

GAPDH ∶ 5
� − AGCCACATCGCTCAGAC − 3

�(sense)

and 5
� − GCCCAATACGACCAAATCC − 3

�(antisense)

3‑(4,5‑Dimethyl‑2‑Thiazolyl)‑2,5‑Diphenyl 2H‑Tetrazolium 
Bromide (MTT) Assay

MTT cell proliferation assays were conducted using a 
Cell Proliferation Kit I (Roche Applied Science, Penzberg, 
Germany), following the manufacturer’s instructions, as 
described previously.21

Colony Formation Assay

Cells were seeded at 1000 cells/well in triplicate in six-
well plates. After 10 days, cell colonies were stained using 
a Differential Quick Stain Kit (Sysmex, Kobe, Japan) in 
accordance with the manufacturer’s instructions. Visible 
colonies were photographed using the Fusion Solo S imag-
ing system. Colony counts were determined by ImageJ soft-
ware (version 1.80, NIH, Bethesda, MD, USA).

Protein Extraction and Western Blot Analysis

Cells were cultured at 37 °C in a  CO2 incubator with 
RPMI 1640 medium. After changing the medium to antibi-
otic-free RPMI 1640 medium supplemented with 5% fetal 
bovine serum, we incubated the cells for 24 h at 37 °C in 
a  CO2 incubator with transfection mixtures containing the 
siRNA or TBL2 plasmid. The medium was then replaced 
with glucose-free medium, and the cells were incubated 
under the hypoxic conditions for another 6 h at 37 °C in 
a  CO2 incubator. After 6 h, the medium was replaced with 
fresh glucose-containing RPMI 1640 medium. Control 
cells were given equal refreshment but were incubated in 
glucose-containing RPMI 1640 medium at 37 °C in a  CO2 
incubator after transfection. Then, the cells were harvested 
for protein extraction for western blot analysis. Western blot 
analysis was performed as reported previously.22 Blots were 
analyzed using a FUSION SOLO S (VILBER) to obtain 
optimal images to quantify protein bands. The primary 
rabbit polyclonal antibody against TBL2 at a 1:1000 dilu-
tion, a rabbit polyclonal antibody against ATF4 (ab23760; 
abcam, Cambridge, UK) at a dilution of 1:1000, and primary 
mouse polyclonal antibody against β-actin (sc47778; Santa 
Cruz Biotechnology, Santa Cruz, CA, USA) at a dilution 
of 1:10,000 were used in experiments. Each protein was 
normalized to β-actin. An Apoptosis Western Blot Cocktail 
(ab136812; abcam, Cambridge, UK) was used in accordance 
with the manufacturer’s protocol.

Gene Set Enrichment analysis

Associations between TBL2 mRNA expression and previ-
ously defined gene sets were analyzed by gene set enrich-
ment analysis (GSEA) using TBL2 expression profiles in a 
TCGA dataset.23 The GSEA analysis method is described on 

FIG. 2  TBL2 expression predicts a poor prognosis of LUAD. a 
Kaplan–Meier overall survival curves of LUAD and LUSC patients 
in accordance with TBL2 mRNA expression in LUAD (n = 503, P 
= 0.030) and LUSC (n = 495, P = 0.683) datasets from TCGA. b 
Kaplan–Meier overall survival curves of LUAD patients in accord-
ance with TBL2 mRNA expression at pathological stage I (n = 262, 
P = 0.843), stage II (n = 119, P = 0.338), and stage III (n = 89, P 
= 0.010) in TCGA LUAD dataset. c EIF2AK3, ERN1, and ATF6 
mRNA expression in tumor and normal lung tissues in LUAD data-
sets from TCGA. d Kaplan–Meier overall survival curves of LUAD 
patients in accordance with EIF2AK3 (n = 502, P = 0.250), ERN1 (n 
= 502, P = 0.093), and ATF6 (n = 502, P = 0.561) mRNA expres-
sion in LUAD datasets from TCGA 

◂
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the website (https:// www. gsea- msigdb. org/ gsea/ index. jsp). 
Biologically defined gene sets were obtained from Molecular 
Signatures Database v5.2 (http:// softw are. broad insti tute. org/ 
gsea/ msigdb/ index. jsp).

Statistical Analysis

Patient data from TCGA dataset are expressed as the 
mean ± standard deviation and were divided into high and 
low TBL2 mRNA expression groups. The cutoff was deter-
mined by the median. Associations between variables were 
tested by the Mann–Whitney U-test, Student’s t-test, or Fish-
er’s exact test. Overall survival (OS) curves were plotted 

using the Kaplan–Meier method and compared using the 
log-rank test. Univariate and multivariate analyses were per-
formed using Cox proportional hazards models to identify 
independent variables that predicted OS. Statistical analyses 
were performed using JMP Pro 16 software (SAS Institute) 
and R v3.6.3 (The R Foundation for Statistical Computing). 
Statistical significance was set at P < 0.05.

RESULTS

TBL2 is a Candidate Driver Gene on Chromosome 7q 
in Lung Adenocarcinoma

To identify novel potential driver genes in LUAD, bioinfor-
matics analysis was performed using TCGA dataset. As shown 
in Fig. 1a, the DNA copy number was increased in chromo-
some arms 7p and 7q in LUAD and LUSC. Using TCGA data-
set, we found 11 genes on chromosome 7 that met the three 
screening parameters described in the methods (Table S1). 
Among them, we focused on TBL2, an ER stress-related gene, 
as a candidate driver gene (Fig. 1b).

TBL2 is an ER-localized type I transmembrane protein 
located on chromosome 7q.11.23. The TBL2 gene is a genetic 
locus affecting the lipid concentration, leading to hypertri-
glyceridemia and increasing the risk of coronary artery dis-
ease.24 Additionally, TBL2 plays an important regulatory role 
in expression of activating transcription factor 4 (ATF4).25,26 
ATF4 activates the transcription of various genes to adapt to 
a stress environment.27

A TBL2 DNA copy number in LUAD and LUSC datasets 
was positively correlated to TBL2 mRNA expression (R = 
0.57, P < 0.01 and R = 0.62, P < 0.01, respectively) (Fig. 1c). 
The increased TBL2 DNA copy number (log2 copy number 
ratio > 0.10) was found in 386/512 (75.4%) of LUAD tis-
sues and 402/498 (80.7%) of LUSC tissues in TCGA dataset 
(Fig. 1d). In genetic mutation analysis, only 1.42% of TBL2 
gene alterations with mutations were found in the COSMIC 
dataset (Fig. 1e).

Next, TBL2 mRNA expression was observed in LUAD 
and LUSC. In TCGA datasets, TBL2 mRNA expression was 

TABLE 1  Univariate and 
multivariate analyses of 
clinicopathological factors for 
overall survival in the LUAD 
dataset from TCGA 

CI confidential interval, LUAD lung adenocarcinoma, TCGA  The Cancer Genome Atlas, HR hazard ratio

Variables Univariate analysis Multivariate analysis

HR (95% CI) P‑value HR (95% CI) P‑value

Age (≥ 65/< 65 years) 1.11 (0.82–1.51) 0.506
Sex (male/female) 1.04 (0.77–1.41) 0.785
Smoking(no/yes) 1.09 (0.79–1.49) 0.611
Pathological T(T1–2/T3–4) 0.43 (0.29–0.63) < 0.001
Pathological N(N0/N1–3) 0.41 (0.30–0.55) < 0.001
Pathological stage (III–IV/I–II) 2.03 (1.27–3.23) .003 2.10 (1.31–3.35) 0.002
TBL2 mRNA expression(high/low) 1.41 (1.04–1.90) .026 1.43 (1.06–1.95) 0.019

TABLE 2  Correlation between TBL2 mRNA expression in tumor 
tissues and clinicopathological factors in the LUAD dataset from 
TCGA 

LUAD Lung adenocarcinoma, TCGA  The Cancer Genome Atlas

Factor TBL2 high TBL2 low P-value
(n = 252) (n = 251)

Age mean ± SD 64.9 ± 9.6 65.8 ± 10.0
 ≥ 65 years 123 125 0.54
 < 65 years 122 111

Gender
 Male 114 118 0.68
 Female 138 133

Smoking
 Former or current 172 170 0.89
 Never 80 81

Pathological T
 T1–2 213 224 0.32
 T3–4 38 25

Pathological N
 N0 155 171 0.35
 N1–3 93 73

Pathological stage
 Stage I–II 229 231 0.85
 Stage III–IV 18 17

https://www.gsea-msigdb.org/gsea/index.jsp
http://software.broadinstitute.org/gsea/msigdb/index.jsp
http://software.broadinstitute.org/gsea/msigdb/index.jsp
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significantly upregulated in tumor tissues compared with 
normal tissues in both LUAD and LUSC patients (Fig. 1f). 
Immunohistochemical analysis showed significant staining of 
TBL2 in tumor cells and weak staining in normal alveolar cells 
in both LUAD and LUSC patients (Fig. 1g, h). The results 
were the same for all ten cases of each histology. In magni-
fied images, TBL2 immunostaining was mainly localized in 
the cytoplasm of LUAD cells (Fig. 1g). These results suggest 
that TBL2 is overexpressed in tumor cells, possibly because 
of amplified chromosome 7q, providing evidence that it is a 
candidate driver gene in LUAD and LUSC.

Prognostic Significance of TBL2 mRNA Expression 
in LUAD and LUSC Patients in TCGA Dataset

We evaluated overall survival (OS) in accordance with 
TBL2 mRNA expression in LUAD and LUSC patients. Inter-
estingly, the OS of patients with high TBL2 mRNA expres-
sion was significantly lower than that of patients in the low 
TBL2 mRNA expression group for LUAD, but not LUSC 
(Fig. 2a).

In univariate analyses of LUAD, TBL2 mRNA expres-
sion, pathological T, pathological N, and pathological stage 
were significantly associated with OS (Table 1). Next, we 
performed multivariate analysis with the pathological stage 
and TBL2 mRNA expression. The results showed that high 
TBL2 expression was an independent prognostic factor for a 
poor outcome (HR = 1.43, 95% CI = 1.06–1.95, P < 0.019) 
(Table 1).

Next, we performed subgroup analysis of OS in accord-
ance with the pathological tumor stage of LUAD. As shown 
in Fig. 2b, the high TBL2 mRNA expression group had lower 
OS than the low expression group in pathological stage III.

These findings suggest that high TBL2 mRNA expres-
sion is a poor prognostic biomarker of LUAD, especially in 
advanced tumor stages.

The prognostic significance of mRNA expression of ER-
resident sensor proteins EIF2AK3, ERN1, and ATF6, which 
are ER stress-related genes, was examined using the LUAD 
dataset in TCGA.28 However, there was no difference in the 
expression of any of the genes between tumor and normal 
tissues, and no significant correlation between the expres-
sion level and prognosis (Fig. 2c, d), providing evidence 
that TBL2 is a critical gene among ER stress-related genes 
in LUAD.

Clinicopathological Significance of TBL2 mRNA 
Expression in LUAD Patients

Because high TBL2 mRNA expression was a poor prog-
nostic factor only in LUAD, we performed clinicopathologi-
cal analysis of TBL2 in LUAD. We examined the association 
between TBL2 mRNA expression and clinicopathological 

factors in LUAD patients from TCGA dataset, but there was 
no significant association between TBL2 mRNA expression 
and clinicopathological features (Table 2).

TBL2 expression is Positively Correlated to the ER Stress 
Response‑Related Pathway

GSEA was performed on TCGA dataset to investigate the 
biological effect of TBL2 mRNA expression in LUAD. We 
found a positive correlation between the gene sets involved 
in the “ER stress response-related pathway” (Fig. 3a). On 
the basis of GSEA results, we investigated whether TBL2 
regulates tumor cell proliferation and apoptosis under ER 
stress in LUAD.

TBL2 Promotes LUAD Cell Proliferation under ER Stress

We performed MTT and colony formation assays of 
LUAD cell lines with or without ER stress to clarify the 
relationship between TBL2 expression and proliferation. We 
induced ER stress by hypoxia and low glucose, which is the 
physiological condition in the tumor microenvironment.25,29 
A427, a LUAD cell line, was used for proliferation analysis 
because of its high expression level of TBL2 (Fig. S1). MTT 
and colony formation assays showed that TBL2 knockdown 
inhibited cell proliferation under ER stress, but not in the 
absence of ER stress (Fig. 3b, c). Moreover, TBL2 overex-
pression significantly increased cell proliferation under ER 
stress (Fig. 3d, e). Of note, TBL2 knockdown reduced ATF4 
expression under ER  stress30 (Fig. 3b). These data suggest 
that TBL2 increases the proliferative ability of LUAD cells 
under ER stress.

TBL2 Knockdown in LUSC Cells Does Not Suppress 
Proliferation under ER Stress

We performed knockdown experiments in the LUSC cell 
line Qg56 to clarify the relationship between TBL2 expres-
sion and cell proliferation in LUSC. Interestingly, cell pro-
liferation was not suppressed by TBL2 knockdown under 
ER stress (Fig. 3f). Furthermore, ATF4 was not induced by 
ER stress. These data suggest that LUSC may be resistant 
to ER stress, because TBL2 knockdown did not affect the 
proliferative ability of LUSC cells (Fig. 3f).

TBL2 Knockdown Induces Apoptosis of LUAD Cells 
under ER Stress

We examined whether TBL2 knockdown induced apop-
tosis in A427 cells. TBL2 knockdown suppressed expres-
sion of ATF4 and cleaved poly (ADP-ribose) polymerase 
(PARP), and increased cleaved caspase 3, an apoptosis 
marker, compared with control cells under ER stress, but 
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not without ER stress (Fig. 4a). These results indicated that 
TBL2 knockdown in LUAD cells induced apoptosis by 
decreasing ATF4 expression under ER stress.

DISCUSSION

We found that TBL2, an ER stress-related gene, may be 
a novel driver gene on amplified chromosome 7 and a prog-
nostic biomarker of LUAD. To our knowledge, this is the 
first study to explore the clinical and biological significance 
of TBL2 in LUAD.

The ER stress response plays a role in regulating cellular 
homeostasis. When the ER stress response fails to function 
because of prolonged or severe stress, cells initiate apoptosis 
and the DNA damage response.7 Cancer cells are usually 
exposed to many stressful conditions, such as hypoxia and 
nutrient starvation, which results in continued ER stress.31–33 
Adaptation to stress is necessary for cancer cell survival and 
proliferation. In fact, high expression of ER stress-related 
genes GPR37, XBP1, and ERGIC3 is associated with a poor 
prognosis of LUAD.34–36 ERGIC3 knockdown suppresses 
lung cancer cell growth.36 Additionally, inhibition of ER 
stress enhances the apoptotic effect of cisplatin, a cytotoxic 
anticancer drug, in LUAD.37 We also found that knockdown 
of the ER stress regulator TBL2 promoted apoptosis, and 
decreased the proliferative ability of LUAD cells, providing 
additional evidence that the ER stress response is critical 
for cancer progression. Thus, the ER stress response is a 
promising therapeutic target for malignancy.

Clinically, ubiquitous amplification and overexpression 
of TBL2 were found in LUAD. Furthermore, high TBL2 
expression was an independent poor prognostic factor. These 
findings suggest that TBL2 is a therapeutic target to over-
come tumor heterogeneity and a prognostic biomarker of 
LUAD.

We also found that TBL2 knockdown reduced ATF4 
expression of LUAD cells. ATF4 is upregulated in cancer 

cells and contributes to cell survival in the stressful tumor 
microenvironment. 8–40 ATF4 binds to target genes, such 
as CHOP and ATF3, to regulate their expression, induc-
ing adaptive responses to stress and induction of cell apop-
tosis.41–43 Depletion of ATF4 reduces cell viability under 
stress conditions, such as glucose deprivation and hypoxia, 
in solid tumors.29,44 Moreover, ATF4 promotes the growth, 
invasion, and metastasis of LC, breast cancer, and glioma 
cells.38–40 Jiang et  al. showed that ATF4 contributes to 
LC progression by promoting Wnt/β-catenin signaling in 
LUAD.38 TBL2 regulates ATF4 expression by controlling 
translation through binding to ATF4 mRNA via the WD40 
domain.25,26 These findings suggest that TBL2 facilitates 
cell growth by resistance against apoptosis, possibly through 
ATF4 expression under ER stress in LUAD (Fig. 4b).

Interestingly, TBL2 expression was not associated with 
prognosis and did not affect LUSC cell proliferation in vitro, 
although TBL2 was overexpressed in LUSC like LUAD. A 
significant correlation between the expression level of other 
representative ER stress-related genes, such as GRP78 and 
the spliced form of X-box-binding protein 1, and prognosis 
was also observed in LUAD, but not in LUSC.34,45 These 
findings may be due to differences in the ER stress response 
between LUAD and LUSC. Further research is needed to 
clarify this issue.

In conclusion, we identified a novel driver gene, TBL2, 
on amplified chromosome 7 that facilitates tumor growth by 
upregulating ATF4 expression, followed by adaptation to 

FIG. 3  TBL2 expression is associated with cell proliferation under 
ER stress in lung adenocarcinoma. a Gene set enrichment analysis 
(GSEA) of TCGA dataset. FDR, false discovery rate; NES, normal-
ized enrichment score. b Left: TBL2 and ATF4 protein expression 
in TBL2 knockdown LUAD cells with or without ER stress analyzed 
by western blotting. Right: MTT assays of TBL2 knockdown LUAD 
cells with or without ER stress. ***P < 0.005. c Colony formation 
assays of TBL2 knockdown LUAD cells with or without ER stress. 
d Left: TBL2 protein expression in TBL2-overexpressing LUAD 
cells with or without ER stress analyzed by western blotting. Right: 
MTT assays of TBL2-overexpressing LUAD cells with or without 
ER stress. ***P < 0.005. e Colony formation assay of TBL2-overex-
pressing LUAD cells with or without ER stress. f Western blot analy-
sis of TBL2 and ATF4 protein expression in TBL2 knockdown LUSC 
cells with or without ER stress, and MTT assays of TBL2 knockdown 
Qg56 cells with or without ER stress
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ER stress in LUAD. Furthermore, we found that TBL2 may 
be a prognostic biomarker and therapeutic target of LUAD.

SUPPLEMENTARY INFORMATION The online version con-
tains supplementary material available at https:// doi. org/ 10. 1245/ 
s10434- 023- 13864-y.

ACKNOWLEDGMENT This study employed supercomputing 
resources provided by the Human Genome Center, The Institute of 
Medical Science, The University of Tokyo (http:// sc. hgc. jp/ shiro 
kane. html). The authors thank all patients who provided samples 
for the study. We thank Ms. Kazumi Oda, Ms. Michiko Kasagi, Ms. 
Sachiko Sakuma, Ms. Tomoko Fukuda, Ms. Yuko Kubota, Ms. Miki 
Nakashima, Ms. Asuka Nakamura, Ms. Saori Tsurumaru, Ms. Noriko 
Mishima, and Ms. Tomoko Kawano for their technical assistance. We 
also thank Mitchell Arico from Edanz (https:// jp. edanz. com/ ac) for 
editing a draft of this manuscript.

FUNDING This work was supported by Japan Society for the 
Promotion of Science Grants‐in‐Aid for Science Research (Grant 
nos. 19K09176, 19H03715, 20H05039, 20K08930, 20K17556, and 
22K09006), Takeda Science Foundation.

DISCLOSURE There is no conflict of interest.

REFERENCES

 1. Sung H, Ferlay J, Siegel RL, et  al. Global Cancer Statis-
tics 2020: GLOBOCAN estimates of incidence and mortality 
worldwide for 36 cancers in 185 countries. CA Cancer J Clin. 
2021;71(3):209–49.

 2. Paez JG, Jänne PA, Lee JC, et al. EGFR mutations in lung cancer: 
correlation with clinical response to gefitinib therapy. Science. 
2004;304(5676):1497–500.

 3. Leonetti A, Sharma S, Minari R, Perego P, Giovannetti E, Tiseo 
M. Resistance mechanisms to osimertinib in EGFR-mutated non-
small cell lung cancer. Br J Cancer. 2019;121(9):725–37.

 4. Tameire F, Verginadis II, Koumenis C. Cell intrinsic and extrin-
sic activators of the unfolded protein response in cancer: mecha-
nisms and targets for therapy. Semin Cancer Biol. 2015;33:3–15.

 5. Wang M, Kaufman RJ. The impact of the endoplasmic reticu-
lum protein-folding environment on cancer development. Nat Rev 
Cancer. 2014;14(9):581–97.

 6. Han J, Kaufman RJ. Physiological/pathological ramifications 
of transcription factors in the unfolded protein response. Genes 
Dev. 2017;31(14):1417–38.

 7. Hetz C, Zhang K, Kaufman RJ. Mechanisms, regulation and 
functions of the unfolded protein response. Nat Rev Mol Cell 
Biol. 2020;21(8):421–38.

 8. Lee D, Hokinson D, Park S, et al. ER stress induces cell cycle 
arrest at the G2/M phase through eIF2α phosphorylation and 
GADD45α. Int J Mol Sci. 2019;20(24):6309.

 9. Singh N, Joshi R. Komurov K (2015) HER2-mTOR signaling-
driven breast cancer cells require ER-associated degradation to 
survive. Sci Signal. 2015;8(378):ra52.

 10. Croft A, Tay KH, Boyd SC, et al. Oncogenic activation of MEK/
ERK primes melanoma cells for adaptation to endoplasmic retic-
ulum stress. J Invest Dermatol. 2014;134(2):488–97.

 11. Hart LS, Cunningham JT, Datta T, et al. ER stress-mediated 
autophagy promotes Myc-dependent transformation and tumor 
growth. J Clin Invest. 2012;122(12):4621–34.

 12. Namba T, Chu K, Kodama R, et al. Loss of p53 enhances the 
function of the endoplasmic reticulum through activation of the 
IRE1α/XBP1 pathway. Oncotarget. 2015;6(24):19990–20001.

 13. Davoli T, Xu AW, Mengwasser KE, et al. Cumulative haploinsuf-
ficiency and triplosensitivity drive aneuploidy patterns and shape 
the cancer genome. Cell. 2013;155(4):948–62.

 14. Pao W, Girard N. New driver mutations in non-small-cell lung 
cancer. Lancet Oncol. 2011;12(2):175–80.

 15. Kouyama Y, Masuda T, Fujii A, et al. Oncogenic splicing abnor-
malities induced by DEAD-Box Helicase 56 amplification in 
colorectal cancer. Cancer Sci. 2019;110(10):3132–44.

 16. Sato K, Masuda T, Hu Q, et al. Novel oncogene 5MP1 repro-
grams c-Myc translation initiation to drive malignant phenotypes 
in colorectal cancer. EBioMedicine. 2019;44:387–402.

 17. Sato K, Masuda T, Hu Q, et al. Phosphoserine phosphatase is 
a novel prognostic biomarker on chromosome 7 in colorectal 
cancer. Anticancer Res. 2017;37(5):2365–71.

 18. Kobayashi Y, Masuda T, Fujii A, et al. Mitotic checkpoint regula-
tor RAE1 promotes tumor growth in colorectal cancer. Cancer 
Sci. 2021;112(8):3173–89.

 19. Koike K, Masuda T, Sato K, et  al. GET4 is a novel driver 
gene in colorectal cancer that regulates the localization of 
BAG6, a nucleocytoplasmic shuttling protein. Cancer Sci. 
2022;113(1):156–69.

 20. Ueda M, Iguchi T, Nambara S, et al. Overexpression of transcrip-
tion Termination Factor 1 is associated with a poor prognosis in 
patients with colorectal cancer. Ann Surg Oncol. 2015;22(Suppl 
3):S1490-1498. https:// doi. org/ 10. 1245/ s10434- 015- 4652-7.

 21. Kurashige J, Hasegawa T, Niida A, et al. Integrated molecular 
profiling of human gastric cancer identifies DDR2 as a potential 
regulator of peritoneal dissemination. Sci Rep. 2016;6:22371.

 22. Masuda T, Xu X, Dimitriadis EK, Lahusen T, Deng CX. 
“DNA Binding Region” of BRCA1 affects genetic stability 
through modulating the intra-s-phase checkpoint. Int J Biol Sci. 
2016;12(2):133–43.

 23. Subramanian A, Tamayo P, Mootha VK, et al. Gene set enrich-
ment analysis: a knowledge-based approach for interpreting 
genome-wide expression profiles. Proc Natl Acad Sci USA. 
2005;102(43):15545–50.

 24. Li Y, Liu S, Wang YT, et al. TBL2 methylation is associated with 
hyper-low-density lipoprotein cholesterolemia: a case-control 
study. Lipids Health Dis. 2020;19(1):186.

 25. Tsukumo Y, Tsukahara S, Furuno A, Iemura S, Natsume T, 
Tomida A. TBL2 is a novel PERK-binding protein that modulates 
stress-signaling and cell survival during endoplasmic reticulum 
stress. PLoS One. 2014;9(11):e112761.

 26. Tsukumo Y, Tsukahara S, Furuno A, Iemura S, Natsume T, 
Tomida A. TBL2 Associates with ATF4 mRNA via its WD40 
domain and regulates its translation during ER stress. J Cell 
Biochem. 2016;117(2):500–9.

 27. Harding HP, Zhang Y, Zeng H, et  al. An integrated stress 
response regulates amino acid metabolism and resistance to 
oxidative stress. Mol Cell. 2003;11(3):619–33.

 28. Chevet E, Hetz C, Samali A. Endoplasmic reticulum stress-
activated cell reprogramming in oncogenesis. Cancer Discov. 
2015;5(6):586–97.

 29. Ye J, Kumanova M, Hart LS, et al. The GCN2-ATF4 pathway is 
critical for tumour cell survival and proliferation in response to 
nutrient deprivation. Embo J. 2010;29(12):2082–96.

 30. Jia Y, Li Z, Feng Y, et al. Methane-rich saline ameliorates sep-
sis-induced acute kidney injury through anti-inflammation, anti-
oxidative, and antiapoptosis effects by regulating endoplasmic 
reticulum stress. Oxid Med Cell Longev. 2018;2018:4756846.

 31. Urra H, Dufey E, Avril T, Chevet E, Hetz C. Endoplasmic 
reticulum stress and the hallmarks of cancer. Trends Cancer. 
2016;2(5):252–62.

https://doi.org/10.1245/s10434-023-13864-y
https://doi.org/10.1245/s10434-023-13864-y
http://sc.hgc.jp/shirokane.html
http://sc.hgc.jp/shirokane.html
https://jp.edanz.com/ac
https://doi.org/10.1245/s10434-015-4652-7


7548 K. Kosai et al.

 32. Chen X, Cubillos-Ruiz JR. Endoplasmic reticulum stress sig-
nals in the tumour and its microenvironment. Nat Rev Cancer. 
2021;21(2):71–88.

 33. Cubillos-Ruiz JR, Bettigole SE, Glimcher LH. Tumorigenic and 
immunosuppressive effects of endoplasmic reticulum stress in 
cancer. Cell. 2017;168(4):692–706.

 34. Kwon D, Koh J, Kim S, et al. Overexpression of endoplasmic 
reticulum stress-related proteins, XBP1s and GRP78, predicts 
poor prognosis in pulmonary adenocarcinoma. Lung Cancer. 
2018;122:131–7.

 35. Wu J, Wu Y, Lian X. Targeted inhibition of GRP78 by HA15 
promotes apoptosis of lung cancer cells accompanied by ER 
stress and autophagy. Biol Open. 2020. https:// doi. org/ 10. 1242/ 
bio. 053298.

 36. Hong SH, Chang SH, Cho KC, et al. Endoplasmic reticulum-
Golgi intermediate compartment protein 3 knockdown sup-
presses lung cancer through endoplasmic reticulum stress-
induced autophagy. Oncotarget. 2016;7(40):65335–47.

 37. Shi S, Tan P, Yan B, et al. ER stress and autophagy are involved 
in the apoptosis induced by cisplatin in human lung cancer cells. 
Oncol Rep. 2016;35(5):2606–14.

 38. Du J, Liu H, Mao X, Qin Y, Fan C. ATF4 promotes lung can-
cer cell proliferation and invasion partially through regulating 
Wnt/β-catenin signaling. Int J Med Sci. 2021;18(6):1442–8.

 39. Zeng P, Sun S, Li R, Xiao ZX, Chen H. HER2 upregulates ATF4 
to promote cell migration via activation of ZEB1 and downregu-
lation of E-Cadherin. Int J Mol Sci. 2019;20(9):2223.

 40. Chen H, Zhang Y, Su H, Shi H, Xiong Q, Su Z. Overexpression 
of miR-1283 inhibits cell proliferation and invasion of glioma 
cells by targeting ATF4. Oncol Res. 2019;27(3):325–34.

 41. Han J, Back SH, Hur J, et al. ER-stress-induced transcriptional 
regulation increases protein synthesis leading to cell death. Nat 
Cell Biol. 2013;15(5):481–90.

 42. Matsumoto H, Miyazaki S, Matsuyama S, et al. Selection of 
autophagy or apoptosis in cells exposed to ER-stress depends on 
ATF4 expression pattern with or without CHOP expression. Biol 
Open. 2013;2(10):1084–90.

 43. Hu H, Tian M, Ding C, Yu S. The C/EBP Homologous Protein 
(CHOP) transcription factor functions in endoplasmic reticulum 
stress-induced apoptosis and microbial infection. Front Immunol. 
2018;9:3083.

 44. Bi M, Naczki C, Koritzinsky M, et al. ER stress-regulated trans-
lation increases tolerance to extreme hypoxia and promotes 
tumor growth. Embo J. 2005;24(19):3470–81.

 45. Lee AS. Glucose-regulated proteins in cancer: molecu-
lar mechanisms and therapeutic potential. Nat Rev Cancer. 
2014;14(4):263–76.

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

https://doi.org/10.1242/bio.053298
https://doi.org/10.1242/bio.053298

	Transducin Beta-Like 2 is a Potential Driver Gene that Adapts to Endoplasmic Reticulum Stress to Promote Tumor Growth of Lung Adenocarcinoma
	Abstract 
	Background. 
	Methods. 
	Results. 
	Conclusions. 

	Methods
	Public Datasets
	Clinical Samples for Immunohistochemistry
	Selection of Candidate Driver Genes
	Cell Lines and Culture
	RNA Extraction and Reverse Transcription–Quantitative Polymerase Chain Reaction
	Immunohistochemical Analysis
	Knockdown by Small Interfering RNAs
	Transient Overexpression of TBL2 in Lung Cancer Cell Lines
	3-(4,5-Dimethyl-2-Thiazolyl)-2,5-Diphenyl 2H-Tetrazolium Bromide (MTT) Assay
	Colony Formation Assay
	Protein Extraction and Western Blot Analysis
	Gene Set Enrichment analysis
	Statistical Analysis

	Results
	TBL2 is a Candidate Driver Gene on Chromosome 7q in Lung Adenocarcinoma
	Prognostic Significance of TBL2 mRNA Expression in LUAD and LUSC Patients in TCGA Dataset
	Clinicopathological Significance of TBL2 mRNA Expression in LUAD Patients
	TBL2 expression is Positively Correlated to the ER Stress Response-Related Pathway
	TBL2 Promotes LUAD Cell Proliferation under ER Stress
	TBL2 Knockdown in LUSC Cells Does Not Suppress Proliferation under ER Stress
	TBL2 Knockdown Induces Apoptosis of LUAD Cells under ER Stress

	Discussion
	Anchor 30
	Acknowledgment 
	References




