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Background: The pseudokinase Tribbles 3 (TRIB3) is involved in many cellular processes
and various cancers. In recent years, the importance of metabolic transformation in the
maintenance of malignant tumors has become increasingly prominent. Abnormal metabolism
of cancer cells is considered a hallmark of cancer. However, the exact role and molecular
mechanism of TRIB3 in lung adenocarcinoma (LUAD) cell reprogramming is largely
unknown.

Methods: The oxygen consumption rate (OCR) and extracellular acidification rate (ECAR)
of cells were examined with a Seahorse XF Extracellular Flux Analyzer. In vitro and in vivo
RT-qPCR, Western blotting, and functional assays were performed to explore the functional
roles of TRIB3 in LUAD.

Results: In the present study, we demonstrated that TRIB3 is remarkably upregulated in
LUAD cell lines as well as tissues. TRIB3 knockdown significantly inhibited LUAD cell
growth and suppressed LUAD cell invasion, while TRIB3 overexpression conferred the
opposite effects. Moreover, silencing TRIB3 suppressed the tumorigenesis and metastatic
ability of LUAD cells. Mechanistically, we demonstrated that silencing TRIB3 significantly
impaired aerobic glycolysis ability in LUAD cells. Furthermore, our data indicated that
TRIB3 knockdown decreased hypoxia-inducible factor (HIF)la levels and targeted the
glycolytic genes regulated by HIF1a.

Conclusion: Together, our findings revealed a previously unappreciated function of TRIB3
in cancer cell metabolism and tumor progression, illustrating that TRIB3 could be considered
a valuable therapeutic target for LUAD patients.
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Background

Lung cancer remains an aggressive malignant disease with poor prognosis.' Non-
small-cell lung cancer (NSCLC) accounts for nearly 80% of lung cancers, most of
which are LUAD. Early diagnosis of LUAD has been significantly improved by
newly developed treatments, but the 5-year survival rate of patients with LUAD is
still relatively low.? Therefore, it is of great importance to explore the molecular
mechanism of the occurrence and development of LUAD and to explore new
targets for the treatment of LUAD.

An emerging hallmark of cancer cells is metabolic alterations, with most, if not
all, cancer cells producing energy primarily through glycolysis in the cytosol.>®
Otto Warburg published a series of studies demonstrating that cancer cells exhibit
metabolic characteristics that are different from those of normal tissues, which is

also known as aerobic glycolysis or the Warburg effect.” It is now clear that in
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many types of cancer cells, tumor formation is largely due
to enhanced aerobic glycolysis. For example, hypoxia-
inducible factor 1 (HIF-1) has been suggested to be
responsible for the increased transcription of genes encod-
ing glycolytic enzymes and glucose transporters, including
PDKI (pyruvate dehydrogenase kinase, isoenzyme 1) and
LDHA (lactate dehydrogenase A).*'® The oncogene
cMyec is also involved in the regulation of many glycoly-
sis-related genes, including LDHA and GLUT1 (glucose
transporter 1).""'* These studies indicate that metabolic
reprogramming of cancer cells is much more complicated
than expected and deserves further study.

The pseudokinase Tribble 3 (TRIB3), as a pressure
sensor, responds to a variety of different stressors and
participates in chronic inflammation, metabolism and
malignant diseases.'® An increasing number of studies
have shown that TRIB3 can be increased by multiple
stimuli and regulate the signaling pathways of transform-
ing growth factor-f, phosphatidylinositol 3-kinase
(PI3K), and mitogen-activated protein kinase (MAPK),
thereby participating in the glucose/lipid metabolism,
cell differentiation and cell survival of tumor cells."
Recently, several groups have found TRIB3 to be a key
factor regulating tumorigenesis and tumor progression.
In particular, TRIB3 is upregulated in various cancer
tissues and closely related to the poor prognosis of
patients, including breast cancer. Recent studies have
demonstrated that TRIB3 is a key factor in regulating
tumorigenesis and development. In particular, TRIB3 is
upregulated in various tumor tissues and is closely
related to the poor prognosis of colorectal cancer'® and
breast cancer.'” However, as one of the new hallmarks of
LUAD, the role of TRIB3 in the metabolic reprogram-
ming of cancer cells has rarely been studied.

In this study, our data confirmed the effect of TRIB3
on the malignancy of LUAD. TRIB3 promoted LUAD cell
proliferation and invasion by inducing aerobic glycolysis.
TRIB3 caused aerobic glycolysis and inhibited HIFla
protein levels. In conclusion, our current study reveals
a new role of TRIB3 in regulating tumor progression and
aerobic glycolysis in LUAD.

Method

Cell Lines and Cell Culture

The LUAD cell line and epithelial cell line 16HBE were
purchased from the Cell Bank of Type Culture Collection
of the Shanghai Institute of Cell Biology, Chinese

Academy of Sciences. H1975, A549, H226 and H1299
cells were cultured in RPMI-1640 (Thermo, USA) con-
taining 10% fetal bovine serum (FBS), and 16HBE and
SPC-AL1 cells were cultured in DMEM (Thermo, USA)
containing 10% FBS. In addition, streptomycin (100 U/
mL) and penicillin (100 U/mL) were added to all cell
culture media at 37 °C in a 5% CO, incubator.

Patients and Tissue Specimens

Forty-two pairs of LUAD tumor samples as well as corre-
sponding adjacent normal tissues were collected from
June 2018 to January 2020 at the First Affiliated
Hospital of Jiamusi University. Samples were rapidly fro-
zen and stored at —80 °C until use in qRT-PCR experi-
ments. The study was approved by the Research Ethics
Committee of Jiamusi University and was consistent with
the Declaration of Helsinki. All patients involved in the
experiment provided written informed consent.

Reverse Transcription and Real-Time
Quantitative PCR (RT-qPCR)

We used TRIzol to isolate total RNA under the guidance
provided and agarose gel electrophoresis to assess the
integrity of RNA. cDNA was synthesized from 1 pg total
RNA through the superscript III first-strand synthesis sys-
tem (Toyobo, Osaka, Shiga, Japan) using 10 pL volumes
with the following thermocycler settings: 37 °C for 15
minutes, 50 °C for 5 minutes, and 98 °C for 5 minutes.
Fast SYBR Green Master Mix (Applied Biosystems Inc.
CA, USA) for qRT-PCR. Primer sequences are listed in
Supplementary Table 1.

Plasmid Construction, Lentivirus

Production and Stable Cell Line Selection
We used lentivirus-mediated transfection to silence TRIB3
expression. The pLKO.1 TRC cloning vector was used to
construct shRNA against TRIB3. The targets for TRIB3
were 5-CAGGAAGAAGCGGTTGGAGTTGGAT-3' and
5-AGGGAGACAGAGAAGTGGTTCTGTA-3".  A549
cells were infected with lentiviral particles, and then pur-
omycin selection was applied to obtain the stable cell line.
TRIB3 was cloned into the pcDNA3.1(+) (Invitrogen)
vector to obtain TRIB3 overexpression constructs. Cells
(2x10°/well) were seeded into 6-well plates. At 60-70%
fusion, cells were transfected with 4 pg of plasmid using
Lipofectamine 2000 according to the manufacturer’s
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protocol. Thirty-six hours after transfection, cells were
collected for subsequent experiments.

CCK-8 Assay

Cell viability was examined with the Cell Counting Kit 8
(CCK-8) according to
(Dojindo, Japan). Cells (2u10° cells/) were transfected
with siRNAs or plasmids in 96-well plates 24 h after
seeding and then cultured for 2 days. The medium in

the manufacturer’s protocol

each well was replaced with 100 pL complete medium
containing 10 uL. CCK-8 solution. Absorbance at 450 nm
was measured with Doscan spectroscopy (Thermo Fisher,
Rockford, IL, USA).

Colony Formation Assay

Cells were seeded in 6-well plates (10%/well) with different
treatments. The colonies were treated with methanol fol-
lowed by staining with 0.1% crystal violet after two weeks
(Sigma-Aldrich). The number and statistical analysis of
visible colonies were described previously.'®

In vivo Tumor Growth Model

LUAD cells were stably transfected with sh-TRIB3 or
scrambled control vector, harvested, washed with PBS,
and resuspended at a concentration of 1 pu 10% cells/mL.
Each mouse was subcutaneously injected with 100 uL
suspension cells unilaterally into the hind abdomen. We
examined tumor growth every 5 days and calculated tumor
volume. After 30 days, mice were sacrificed according to
the National Institutes of Health Guidelines for the Care
and Use of Laboratory Animals, and tumors were isolated
for measurement and weighing. The protocol
Ethics
Experiments of Xiamen University.

was

approved by the Committee of Animal

In vivo Lung-Colonization Assays

A549 cells (2 x 10° cells per mouse) were injected into the
tail vein of nude mice. Lungs were collected at week 5 and
fixed with 10% formalin as previously described.'” The
number of metastatic colonies on the lung surface was
calculated under an anatomical microscope. All animal
experiments were approved by the Animal Care
Committee of Xiamen University. The lungs were dis-
sected, placed in liquid nitrogen or 4% formalin, and
fixed at temperature for 30 minutes. Next, 5-um-thick
sections were scanned with a Scanscope XT digital slide
scanner (Aperio Technologies, Inc.) with hematoxylin and

eosin staining for 10 minutes at room temperature. Digital

images of lung sections were analyzed for metastatic bur-
den. Lung tumor lesions were digitally calibrated using
Spectrum software (version 11.2.0.3; Aperio Technologies,
Inc.). The burden of metastasis was calculated as the
average of four-step sections of the total area of the
tumor lesion divided by the total area of the lung.

Measurement of the Oxygen
Consumption Rate (OCR) and
Extracellular Acidification Rate (ECAR)

We examined the cellular glycolytic capacity as well as
mitochondrial function with a Seahorse Bioscience
Extracellular Flux Analyzer according to the manufac-
turer’s instructions (Seahorse Bioscience, Billerica, MA,
USA). One day before the assay, cells were plated in cell
culture microplates (Hippocampal Biosciences). The
Seahorse buffer consisted of DMEM, phenol red, 25 mM
glucose, 2 mM sodium pyruvate and 2 mM glutamine.
When ECAR values were measured, 10 mM glucose, 1
puM oligomycin and 100 mM 2-deoxyglucose were added
automatically. After monitoring baseline respiration, 1 uM
oligomycin, | M FCCP and 1 pM rotenone were automa-
tically injected into cell culture microplates to measure
OCR. ECAR and OCR values were calculated as
described previously.?’

Statistical Analysis

GraphPad Prism 7.0 was used to perform Student’s #-test,
ANOVAs, or repeated-measures ANOVAs to assess the
statistical significance of differences between two or
more groups. All data were expressed as the mean + the
SEM. P < 0.05 was considered statistically significant.

Results
TRIB3 Levels are Upregulated in LUAD

Tissue and Cell Lines

First, we evaluated TRIB3 expression from The Cancer
Genome Atlas (TCGA) database of LUAD samples and
adjacent normal samples. As shown in Figure 1A, TRIB3
was remarkably upregulated in LUAD tissues compared
with adjacent normal tissues. In terms of overall survival,
patients with high expression of TRIB3 had significantly
poorer prognoses than those with low expression of TRIB3
(Figure 1B). These results suggest that TRIB3 overexpres-
sion may contribute to the development of new prognostic
or progression markers in lung adenocarcinoma.
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Figure | Upregulation of TRIB3 in LUAD. (A) TCGA database analysis of TRIB3 expression in LUAD tissues compared with noncancerous tissues. (B) Association of TRIB3
expression with the overall survival of LUAD patients. (C) TRIB3 mRNA levels in 42 pairs of LUAD tissues and corresponding adjacent tissues. (D) Examination of TRIB3
expression via Western blot. (E) TRIB3 mRNA levels in 16HBE cells and different LUAD cell lines. Transcript levels were normalized to GAPDH expression. Data are
presented as the mean * the S.E.M. *P<0.05, **P< 0.01.
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Then, we examined the expression of TRIB3 in pri-
mary LUAD patients and adjacent normal lung tissues by
RT-qPCR as well as Western blot, and the results showed
that TRIB3 expression in tumor tissues was significantly
higher than that in paired control tissues (Figure 1C and
D). We further detected the expression of TRIB3 in five
lung cancer cell lines (A549, SPC-A1, H1299, H226 and
H1975) and the human bronchial epithelial cell line
16HBE by RT-qPCR. LUAD cells showed a significant
level of TRIB3 expression compared with 16HBE cells
(Figure 1E). Overall, these results indicate that TRIB3 is
upregulated in LUAD, suggesting that it may be associated
with the progression of LUAD.

Knockdown of TRIB3 Suppresses LUAD

Cell Growth and Invasion

To directly assess the possible role of TRIB3 in LUAD,
LUAD cell lines A549 and SPC-A1 were transfected with
two specific shRNAs targeting TRIB3, both of which
effectively silenced the expression of endogenous TMPO-
AS1 (data not shown). The CCK-8 assay showed that
TRIB3 knockdown significantly inhibited the growth of
LUAD cells (Figure 2A). Consistent with the results of the
CCK-8 assay, the colony formation assay confirmed that
TRIB3 knockdown significantly suppressed the prolifera-
tion of LUAD cells, forming fewer and smaller colonies in
soft agar (Figure 2B). These results suggest that TRIB3
has a growth-promoting effect in vitro. To further deter-
mine whether TRIB3 is associated with the progression of
LUAD, we analyzed the effects of TRIB3 inhibition on the
invasive behavior of A549 and SPC-Al cells. Our
Transwell invasion assay data showed that shRNA-
mediated downregulation of TRIB3 significantly inhibited
the invasive ability of LUAD cells in A549 and SPC-Al
cells (Figure 2C). In conclusion, these data indicate that
TRIB3 plays an essential role in the development of
LUAD.

TRIB3 Overexpression Promotes the
Proliferation and Migration of LUAD
Cells

We further explored the functional effect of
pcDNA3.1-TRIB3 plasmid-mediated TRIB3 overexpres-
sion in LUAD cells. After 36 h of transfection, the expres-
sion of TRIB3 was significantly increased in A549 and
SPC-A1 cells transfected with the pcDNA3.1-TRIB3 plas-
mid compared with those transfected the pcDNA3.1 vector

alone (data not shown). CCK-8 experiments showed that
TRIB3 upregulation promoted the proliferation of both
types of cells (Figure 3A). In addition, in the TRIB3
overexpression group, the number of colonies was signifi-
cantly higher (Figure 3B). Furthermore, increased TRIB3
expression promoted the invasion of A549 and SPC-Al
cells (Figure 3C and D). Taken together, these results
indicate that the overexpression of TRIB3 promotes the
progression of LUAD.

TRIB3 Promotes Tumor Growth and
Metastasis in LUAD in vivo

With a xenograft mouse model, we explored the impact of
TRIB3 inhibition on LUAD growth in vivo. A549 cells
stably transfected with sh-TRIB3 or empty vector were
injected into nude mice. After four weeks, we found that
mice injected with A549 cells transfected with sh-TRIB3
showed significantly reduced tumor volume and tumor
weight compared with mice of the control group (Figure
4A and B). Next, we evaluated the physiological relevance
of TRIB3 to LUAD metastasis TRIB3-
downregulated A549 cells were injected into the tail vein
of BALB/c nude mice. HE staining of the lungs after 4
weeks showed that sh-TRIB3 inhibited the occupation of
LUAD in the lungs (Figure 4C). Taken together, we dis-
covered that sh-TRIB3 effectively inhibited tumor growth
and metastasis in LUAD in vivo.

in vivo.

TRIB3 Promotes Aerobic Glycolysis in
LUAD Cells

It is generally believed that proliferating solid cancer cells
shift their glycometabolic pattern to hypoxic glycolysis.
Because of the positive role of TRIB3 in predicting the
prognosis and proliferation of tumor cells, we speculated
that TRIB3 would be involved in regulating aerobic gly-
colysis. We first examined the effect of TRIB3 knockdown
on glycolysis using a Seahorse XF extracellular flux ana-
lyzer. Our results suggested that ECAR decreased signifi-
cantly in TRIB3-silenced A549 and SPC-Al cells,
reflecting the positive role of TRIB3 glycolysis in LUAD
cells (Figure 5A and B). Cellular oxygen consumption
reflects mitochondrial respiration. During aerobic glycoly-
sis, cellular OCR decreases. Consistent with the ECAR
results, we observed that TRIB3 knockdown increased the
OCR in A549 and SPC-Al cells, which reinforced the
positive effect of aerobic glycolysis (Figure 5C and D).
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Therefore, TRIB3 positively regulates aerobic glycolysis
in LUAD cells.

TRIB3 Positively Regulates HIFla Protein

Levels and Transcriptional Activity

As a main regulator of aerobic glycolysis, HIF1a plays an
essential role in hypoxia adaptation in solid tumors. To
assess whether TRIB3 regulates aerobic glycolysis by reg-
ulating HIFla, we first measured HIFla protein levels in
TRIB3-silenced LUAD cells. As shown in Figure 6A, HIF 1a
protein levels decreased significantly when TRIB3 expres-
sion was inhibited. Next, we evaluated the effect of TRIB3
on the transcriptional activity of HIF 1 a as reflected by HRE-
luciferase activity. Our data demonstrated that TRIB3 posi-
tively regulated the transcriptional activity of HIFla in
a dose-dependent manner, which reflected the positive role
of TRIB3 in the regulation of the receptor pathway of HIF 1a

(Figure 6B). HIF 1o regulates aerobic glycolysis by regulat-
ing the transcription of many glycolytic genes, including
GLUTI1, HK2, LDHA and PDK1. Therefore, the expression
levels of these glycolytic genes were examined in TRIB3-
silenced LUAD cells. Consistent with the glycolysis analysis
results, GLUT1, HK2, LDHA and PDKI1 decreased in
TRIB3-silenced LUAD cells (Figure 6C and D). In addition,
data from the TCGA database were analyzed by the GEPIA
(Gene Expression Profiling Interactive Analysis) platform”'
to determine the correlation between TRIB3 and glycolytic
enzymes at the mRNA level in clinical LUAD specimens.
Our analysis showed that TRIB3 was positively correlated
with GLUT1, HK2, LDHA and PDK1 (Figure 6E).

Discussion

In this study, through in vitro and in vivo analysis, we found
that TRIB3 is a tumor promoter in LUAD. TRIB3 was
upregulated in LUAD patient samples and LUAD cell
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lines, suggesting that TRIB3 may play a role as a tumor
regulator and may have value as a therapeutic target. In
addition, the overexpression of TRIB3 promoted cell growth
and invasion, while the downregulation of TRIB3 in LUAD
cells resulted in suppressed cell proliferation and invasion.
TRIB3 also demonstrated its growth-promoting and prome-
tastatic effects in xenograft mouse models. In recent years,
the progression and importance of metabolic reprogramming

in tumorigenesis and development have become increasingly
prominent, and metabolic reprogramming is considered one
of the
development.”*** Mechanistic studies have shown that

important markers of tumorigenesis and
TRIB3 positively regulates aerobic glycolysis by regulating
hypoxia-inducible factor (HIF) la, which has rarely been
Our results suggest that TRIB3 is

a potential new therapeutic target for the treatment of LUAD.

discussed before.
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Figure 6 TRIB3 promotes HIFla protein level and its targeted glycolytic genes. (A) HIFla protein levels in TRIB3 knockdown in A549 and SPC-Al cells. (B) Effects of
TRIB3 on HRE-luciferase activity in A549 and SPC-AI cells. (C and D) Silence of TRIB3 in A549 and SPC-Al cells decreased mRNA expression of GLUT |, HK2, LDHA and
PDK1 in A549 and SPC-AI cells. (E) TRIB3 positively correlated with GLUT |, HK2, LDHA and PDK| expression of LUAD patients in the TCGA cohort. Data are means +

S.EM. *P< 0.01.
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As a stress sensor, pseudokinase Tribble 3 (TRIB3)
responds to multiple stressors and participates in chronic
inflammation, metabolism and malignant diseases by inter-
acting with signal transduction proteins and functional
proteins.'*** A recent study reported that TRIB3 impairs
the degradation function of autophagy and the proteasome
by interacting with the autophagy receptor p62, thus pro-
moting the occurrence and development of some cancers.
Autophagy and the proteasome are two important protein
quality control systems in cancer cells. The deletion of
TRIB3 results in a significant reduction in the expression
of tumor-promoting factors, including EGFR.*>*° TCGA
data showed 1.14% gene amplification and 1.84% gene
mutation for TRIB3 in NSCLC. Also, growth arrest-
specific 5 (GASS) could bind to TRIB3 protein to promote
the degradation of TRIB3 protein and inhibited the high
glucose-induced proliferation, anti-apoptosis, and migra-
tion of NSCLC cells.>” Moreover, TRIB3 has a potentially
carcinogenic role in LUAD by binding to ERK and JNK
and promoting the phosphorylation of ERK and JNK.** In
our study, the TRIB3 gene was expressed at higher levels
in LUAD cell lines and the cancer tissues of LUAD
patients than in healthy controls. Based on these results,
we chose the TRIB3 gene as a treatment target in these
experiments. This study revealed that TRIB3 plays a key
role in promoting the occurrence and development of
LUAD.

The microenvironment in which solid tumor cells reside
is remote from blood vessels, resulting in oxygen supply and
restricted nutrients; thus, tumor cells have evolved an ability
to survive well in a hypoxic environment, which we call
hypoxic adaptation.”” The most characteristic metabolic
reprogramming in cancer is aerobic glycolysis, and the result
of this hypoxic adaptation provides a metabolic advantage
for cancer cells to proliferate and metastasize. However, few
studies have reported the relationship between TRIB3 and
aerobic glycolysis. Our study shows for the first time that
TRIB3 acts as a positive regulator in the process of aerobic
glycolysis in LUAD. Through the analysis of TCGA, we also
confirmed the positive regulation of glycolytic genes by
TRIB3, which was further confirmed in the in vitro experi-
ments of LUAD cell lines. HIFla plays a central role in
hypoxic adaptation and has received extensive attention
since its discovery.*® A series of posttranscriptional modifi-
cations of HIF1a, including hydroxylation, phosphorylation,
acetylation and ubiquitination, are involved in the regulation
of its activity.*'*? Our data demonstrate that TRIB3 regulates
the expression and activity of HIFla and further regulates

glycolysis. However, there are still some issues to be
explored, such as the changes in the expression of TRIB3
under hypoxic conditions and whether hypoxia epigeneti-
cally regulates TRIB3 and its underlying molecular basis.

Conclusion

Overall, our study uncovered a novel role of TRIB3 in the
regulation of tumor progression and aerobic glycolysis in
LUAD.
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