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UPF1 increases amino acid levels and promotes cell proliferation in
lung adenocarcinoma via the eIF2α-ATF4 axis
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Abstract: Up-frameshift 1 (UPF1), as the most critical factor in nonsense-mediated messenger RNA (mRNA) decay (NMD),
regulates tumor-associated molecular pathways in many cancers. However, the role of UPF1 in lung adenocarcinoma (LUAD)
amino acid metabolism remains largely unknown. In this study, we found that UPF1 was significantly correlated with a portion
of amino acid metabolic pathways in LUAD by integrating bioinformatics and metabolomics. We further confirmed that UPF1
knockdown inhibited activating transcription factor 4 (ATF4) and Ser51 phosphorylation of eukaryotic translation initiation
factor 2α (eIF2α), the core proteins in amino acid metabolism reprogramming. In addition, UPF1 promotes cell proliferation by
increasing the amino-acid levels of LUAD cells, which depends on the function of ATF4. Clinically, UPF1 mRNA expression is
abnormal in LUAD tissues, and higher expression of UPF1 and ATF4 was significantly correlated with poor overall survival
(OS) in LUAD patients. Our findings reveal that UPF1 is a potential regulator of tumor-associated amino acid metabolism and
may be a therapeutic target for LUAD.
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1 Introduction

Lung cancer is the most deadly malignant tumor
in the world, with 1.80 million deaths per year. With a
high incidence rate of an estimated 2.21 million new
cases each year, it accounts for 11.4% of all cancer
cases (Sung et al., 2021; Zhou et al., 2021). Lung
cancer includes two common types: non-small-cell
lung cancer (NSCLC) and small-cell lung cancer
(SCLC). Lung adenocarcinoma (LUAD) is the most
common subtype of NSCLC, accounting for 85% of
total diagnoses (Ferlay et al., 2015; Yu and Li, 2020).

Metabolic reprogramming is accompanied by
tumor occurrence, development, and deterioration

(Georgoudaki et al., 2016; Guo et al., 2021; Xia et al.,
2021). Under the regulation of oncogenes, tumor cells
actively absorb carbon and convert it into macromole‐
cules that can be used as energy sources for intracellu‐
lar adenosine triphosphate (ATP) production even
in stressful environments (Li and Zhang, 2016; Dias
et al., 2019; Sneeggen et al., 2020). In addition, the use
of precursor molecules to promote synthesis of bio‐
mass provides a basis for the occurrence and develop‐
ment of tumors. It is worth noting that tumor-related
metabolic reprogramming represents abnormal amino
acid metabolism (Mossmann et al., 2018; Tabe et al.,
2019), glucose metabolism (Abdel-Wahab et al., 2019;
Peng et al., 2021), and lipid metabolism (Cao, 2019).
Amino acids act as intermediates in the synthesis of
proteins, lipids, and nucleic acids (Lieu et al., 2020).
As a consequence, cancer cells have an increased re‐
quirement for amino acids to fuel their rapid prolifera‐
tion. Amino acids can be divided into two classes (Li
and Zhang, 2016): nonessential amino acids, such as
glutamate, serine, glycine, and proline, and essential
amino acids, such as arginine, leucine, and methionine.
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In tumors, amino acids such as glutamine and aspartic
acid can enter the tricarboxylic acid cycle for energy
production (Lieu, et al., 2020). They are also import‑
ant carbon sources for nucleotide synthesis in single-
carbon metabolism (Newman and Maddocks, 2017).
Additionally, amino acids balance redox reactions
(Kawauchi et al., 2008) and participate in epigenetic
regulation (Ulanovskaya et al., 2013; Lee et al., 2014).
Therefore, both the synthesis and decomposition of
amino acids affect the growth, proliferation, and inva‐
sion of tumor cells through a variety of pathways
(Li and Yan, 2019; Zhu and Thompson, 2019). This
makes it clear why it is necessary to explore the spe‐
cific regulatory mechanism of amino acid metabolic
reprogramming in lung adenocarcinoma.

Proteins regulating RNA play important roles
in tumorigenesis and progression (Zhu et al., 2020).
Nonsense-mediated messenger RNA (mRNA) decay
(NMD) is a highly conserved mRNA monitoring
process that removes abnormal transcripts contain‐
ing premature terminators (Popp and Maquat, 2013;
Lykke-Andersen and Jensen, 2015). It therefore acts
as an mRNA quality control pathway to protect cells
from the toxic effects of truncated protein produced
by mRNA-containing premature terminators (Nichol‐
son et al., 2010). In addition, NMD regulates a var‑
iety of biological development processes by control‐
ling mRNA levels, including embryonic and brain
development. NMD recognition of abnormal mRNA
depends on the adenosine triphosphatase (ATPase)
and hydrolase activities of up-frameshift 1 (UPF1)
(Chen et al., 2021). Abnormal mRNA translation
leads to aggregation of the polypeptide releasing fac‐
tor eukaryotic release factor 1 (eRF1)/eRF3, which
recruits UPF1 to bind UPF2 and UPF3 to form a com‐
plex that activates the NMD pathway (Dehecq et al.,
2018). During NMD, UPF1 is phosphorylated by sup‐
pressor of morphogenesis in genitalia 1 (SMG1) and
inhibited by SMG8/9, thereby mediating the degrada‐
tion of NMD substrates through this phosphorylation/
dephosphorylation cycle (Kurosaki et al., 2019). With
the development of research, it has been found that
UPF1 plays a crucial role in multiple types of tumors,
including pancreatic cancer (Liu et al., 2014), gastric
cancer (Li et al., 2017), hepatocellular cancer (Chang
et al., 2016), ovarian cancer (Pei et al., 2019), and thy‐
roid cancer (Zhong et al., 2020).

Activating transcription factor 4 (ATF4) belongs
to a family of DNA-binding proteins that includes
the activating protein-1 (AP-1) family of transcription
factors and cyclic adenosine monophosphate (cAMP)-
response element binding proteins (CREBs) (Hai and
Curran, 1991). It is widely known as a key oncogene
in metabolic reprogramming, especially in maintaining
amino acid levels (Ameri and Harris, 2008). ATF4
target genes have been found to be critical for cell
growth and cancer progression. Their activation de‐
pends on the phosphorylation of eukaryotic transla‐
tion initiation factor 2α (eIF2α) at Ser51. The eIF2α-
ATF4 axis plays a critical role in amino acid metabolic
reprogramming of cancer cells, especially when cells
are in a stressful nutrient-scarce microenvironment
(B’chir et al., 2013; Bai et al., 2021).

The biological function of UPF1 in LUAD re‐
mains undefined, and there is no proof presented to
explain the correlation between UPF1 and tumor meta‐
bolic reprogramming, so we synthetically analyzed
proliferative capacity, metabonomics, and transcrip‐
tomics in LUAD cells when UPF1 expression was lim‐
ited. The present study aimed to explore the functional
role and regulatory mechanism of UPF1-participating
metabolism in LUAD.

2 Materials and methods

2.1 Cell culture

The human LUAD cell lines H1299, A549, and
HEK-293T cells were cultured in RPMI 1640 (GIBCO,
USA) or Dulbecco’s modified Eagle’s medium (DMEM;
GIBCO), each supplemented with 10% (volume frac‐
tion) fetal bovine serum (FBS; GIBCO) at 37℃with 5%
CO2. The cell lines were obtained from the American
Type Culture Collection (ATCC, Manassas, VA, USA).

2.2 Antibody and reagents

The following antibodies and reagents were used:
anti-UPF1 (#12040, Cell Signaling Technology (CST),
USA), anti-eIF2α (#5324, CST), anti-phospho-eIF2α
(Ser51) (#3398, CST), anti-ATF4 (#ab184909, Abcam,
USA), anti-vinculin (#SC-73614, Santa Cruz Bio‐
technology, USA), anti-rabbit (DA1E) monoclonal
antibody (mAb) immunoglobulin G (IgG) (#3900,
CST), protease inhibitors (#14001, Bimake, USA),
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phosphatase inhibitors (#15001, Bimake), and MSTFA
(#69479, Sigma, USA).

2.3 Plasmids

pCW57.1-Tet-UPF1WT was obtained from Add‐
gene (#99146, USA). UPF1 and ATF4 complementary
DNAs (cDNAs) (#HG11124-M, Sinobiological, China)
were subcloned into pBoBi expression vectors which
were cut by EcoRI and BamHI. The expression vectors
were produced by utilizing Exonuclease III (#M0206L,
New England Biolabs, USA). Transfection was per‐
formed with Lipofectamine 2000 (Invitrogen, Carls‐
bad, CA, USA).

Lentiviral short hairpin RNA (shRNA) were
cloned in pLKO.1 within the AgeI/EcoRI sites at the
3' end of the human U6 promoter. The targeted se‐
quences were as follows: shUPF1-1 (5'-GGCTTAGTC
CATCAGCATC-3') and shUPF1-2 (5'-GCATCTTATT
CTGGGTAATAA-3').

2.4 Construction of stable transfected cell lines

To package the virus, we seeded HEK-293T cells
in a 6-cm dish at 60% density the previous day. Lipo‐
fectamine 2000 was used to co-transfect with the
package plasmid psPAX2 and pVSVG. Cells needed
nutritional support with 2 mL supplemental medium
after 24 h. Then, 48 h after transfection, condition
medium containing recombinant lentiviruses was coll‑
ected and filtered with a 0.45-μm filter (Merck Milli‐
pore, Billerica, MA, USA). Supernatants from these
samples were immediately administered to target cells
along with Polybrene (Sigma-Aldrich, St. Louis, MO,
USA) at a final concentration of 10 mg/mL, and the su‐
pernatants were incubated with the cells for 12 h. The
stable cell lines were maintained with 2 μg/mL puro‐
mycin (InvivoGen, Pak Shek Kok, Hong Kong, China).

2.5 Western blot

Western blot analysis was performed with stand‑
ard methods. Briefly, cells were lysed in RIPA buffer
(#P0013B, Beyotime, China) containing protease inhibi‐
tors (B14001, Bimake) and phosphatase inhibitors
(B15001, Bimake). Proteins were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and blotted onto a polyvinylidene flu‐
oride (PVDF) membrane (Bio-Rad, Hercules, CA,
USA). Membranes were probed with specific pri‑
mary antibodies and then with peroxidase-conjugated

secondary antibodies. Equal protein-sample loading
was monitored using vinculin antibody. The bands
were visualized by chemiluminescence (Fusion Fx,
VILBER-LOUTMAT, France) or X-ray Film (#P14-A,
BOTHCATKIN, China).

2.6 Colony formation assay

Cells were seeded into six-well plates with 500
cells per well and cultured 7 d for a two-dimensional
colony-formation assay. Images were obtained using
the Gel Image System (2500R, Tanon, Shanghai,
China) and colony numbers were calculated by ImageJ
(Version 1.8.0; https://imagej.nih.gov/ij).

2.7 Cell counting kit-8 assay

Cells were seeded into 96-well plates with 3000
cells and cultured for 5 d. Then, every other day, the so‐
lution from the cell counting kit-8 (CCK8, #HY-K0301,
MedChemExpress, USA) was added to the cells to
measure the number of viable cells. Briefly, the cells
were incubated with 100 μL solution (10% (volume
fraction) CCK8) per well for 2 h. The absorbance was
measured at 450 nm using a multiplate reader. The re‐
sults were calculated as mean±standard deviation (SD)
of values from at least three individual experiments.

2.8 Flag-bead pulldown assay

HEK-293T cells were transfected with UPF1-Flag
and lysed in NETN buffer for 60 min on ice. Lysates
were centrifuged at 13 000g for 15 min at 4 ℃. Liquid
supernatant was incubated with anti-Flag affinity
gel (#B23102, Bimake) for 6 h. The Flag-beads were
washed five times with NETN buffer at 4 ℃. Pro‐
teins were eluted by boiling in 1× SDS running buffer
and subjected to SDS-PAGE for simple protein mix‐
ture identification.

2.9 Co-immunoprecipitation (Co-IP) assay

In brief, the cells were lysed by incubation with
700 μL lysis buffer and protease (#14001, Bimake) &
phosphatase inhibitor (#15001, Bimake) cocktail at
4 ℃ for 1 h, followed by centrifugation at 13 000g
for 15 min at 4 ℃. The supernatant was harvested, of
which 50 μL was reserved as the input group. The
remaining samples were divided into two tubes: one
was incubated with 2 μg anti-UPF1 and the other, act‐
ing as a negative control, was incubated with 2 μg of
IgG. After incubation at 4 °C for 8 h, 20 μL of protein
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A/G magnetic beads (#HY-K0202, MedChemExpress)
was added to the mixture and incubated on a rotator
overnight at 4 ℃. After washing five times, bead-
bound proteins were eluted by denaturing in an appro‐
priate amount of protein-loading buffer at 98 ℃ for
10 min and centrifuged; the supernatant was used for
western blot analysis.

2.10 Total RNA isolation

In brief, TRIzol® LS (10296010, Thermofisher,
USA) was used to lysate cells. We added 200 μL chloro‑
form into 1.5 mL EP tube with collected cells and vor‐
texed vigorously the solution. We then transferred
400 μL solution from the aqueous phase and added
400 μL isopropanol to initiate RNA precipitation.
The RNA was pelleted by centrifuging and the pel‐
lets were washed with 800 μL ice-cold 75% (volume
fraction) ethanol (in nuclease-free water). We cen‐
trifuged and removed the supernatant, and then air-
dried the RNA pellets at room temperature. Lastly,
we resuspended the pellets in nuclease-free water.

2.11 Gas chromatography-mass spectrometry
analysis

The cells used for gas chromatography-mass
spectrometry (GC-MS) analysis were promptly washed
twice with cold PBS (HyClone, Utah, USA) and imme‐
diately quenched in liquid nitrogen, and then stored
at −80 ℃ for GC-MS analysis before metabolite
extraction.

GC-MS samples were prepared as previously
described (Yan et al., 2019), with slight modifications.
Briefly, 1 mL of methanol/water (4:1 (volume ratio),
containing 10 μg/mL tridecanoic acid as an internal
standard) solution was added to the cell-culture dish.
Cells were quickly scraped into Eppendorf tubes (Ep‐
pendorf, Shanghai, China). Following vortexing and
centrifugation, the supernatant of each sample and
mixed quality control (QC) samples were lyophilized.
After derivatization with methoxyamine pyridine fol‐
lowed by N-methyl-N-(trimethylsilyl)trifluoroacetamide
(MSTFA), the prepared samples were centrifuged at
13 000g for 15 min at 4 ℃, and then the supernatants
were used for GC-MS full-scan analysis.

2.12 Mouse subcutaneous tumorigenesis model

Pathogen-free male BALB/c athymic nude mice
(4‒6 weeks old) were randomly divided into groups.

All mice were housed in specific-pathogen-free (SPF)
environments. H1299 cells (5×106) were subcutane‐
ously injected into the ipsilateral armpit of each
mouse. Ten days after injection, tumor volumes (V=
(width2×length)/2) were measured using a caliper every
4 d. At Day 46, all mice were euthanized and the
tumors were isolated.

2.13 KEGG and GSEApathway enrichment analyses

Significantly different (P<0.05) metabolites in the
GC-MS data of the UPF1 stable knockdown H1299
cells were subjected to Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway enrichment analysis
using MetaboAnalyst 5.0 (https://www.metaboanalyst.
ca). Significantly different genes (log2FC>1, Q<0.05)
in the transcriptome data of the cells were subjected
to KEGG pathway enrichment analysis using the Data‑
base for Annotation, Visualization, and Integrated Dis‐
covery (DAVID) website (https://david.ncifcrf.gov).
Gene Set Enrichment Analysis (GSEA) was performed
by the cluster Profiler R package. Pathway information
was obtained from the KEGG (https://www.kegg.jp).

2.14 Statistical analysis

We used the R studio and R packages (Version
3.3.3) to analyze LUAD tissue RNA-sequencing (RNA-
seq) data from The Cancer Genome Atlas (TCGA) in
HTSeq-FPKM format (https://portal.gdc.cancer.gov).
The mean values of two groups were compared using
Student’s t-test, while the Kaplan-Meier test was used
to calculate the differences in survival. After perform‐
ing the Shapiro-Wilk normality test and Levene’s test
on the TCGA data, we used the independent sample
t-test or Wilcoxon rank sum test. Bars and error repre‐
sent the standard deviation (SD) of replicate measure‐
ments. The SPSS 18.0 software package (SPSS, Inc.,
Chicago, IL, USA) was used for statistical analysis.

3 Results

3.1 Effects of UPF1 on amino acid levels in lung
adenocarcinoma

To explore the function of UPF1 in regulating
metabolic reprogramming in lung adenocarcinoma,
we constructed two stable UPF1 knockdown H1299
cell lines and performed GC-MS. We screened 36 dif‐
ferential metabolites in the shUPF1-1 group and 35 in

866



J Zhejiang Univ-Sci B (Biomed & Biotechnol) 2022 23(10):863-875 |

the shUPF1-2 group with the P value at less than 0.05.
Twenty-eight metabolites were detected as appearing
in both groups (Fig. 1a), and these were subjected
to metabolic pathway analysis based on KEGG. Not‑
ably, the pathway “Valine, leucine, and isoleucine
biosynthesis” showed the highest enrichment ratio

(20), and eight of the top 25 pathways were directly
related to amino acid metabolism (Fig. 1b). The metab‐
olomics pathway enrichment analysis of these differ‐
entially expressed metabolites revealed a significant
association between UPF1 and amino acid metabo‐
lism. To show the change in metabolites in detail, we

Fig. 1 Up-frameshift 1 (UPF1) knockdown in lung adenocarcinoma (LUAD) cells altered metabolomics profiling based
on gas chromatography-mass spectrometry (GC-MS). (a) Venn diagram showing that 28 metabolites were detected in
both UPF1-knockdown groups. (b) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis
differentially accumulated metabolites. The y-axis indicates the pathways, and the x-axis indicates the enrichment
ratio in each pathway. The color bar indicates the corrected P value, with yellow representing a higher value and red
representing a lower value. (c) Heatmap of the changes in metabolites related to UPF1 knockdown. Blue represents the
decreasing trend, and red represents the increasing trend. From the regulatory trends in the heatmap, we observed that
amino acids were the main downregulated components.
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normalized the peak areas of each metabolite and listed
the change in 28 metabolites as screened out in the
form of a heatmap (Fig. 1c). Metabolites were classi‐
fied and arranged according to the regulatory trends
and signal category, in which the first 15 metabolites
were related to amino acid metabolism and all showed
downward trends. These results showed that the amino
acid level of lung adenocarcinoma cells significantly
decreased with UPF1 knockdown.

3.2 Regulation of ATF4 expression by UPF1 through
eIF2α-Ser51 phosphorylation

To explore the specific mechanisms by which
UPF1 promotes LUAD amino acid levels, we per‐
formed transcriptome sequencing in H1299 cells with
stable UPF1 knockdown. We conducted KEGG path‐
way enrichment analysis for differentially expressed
genes under log2FC>1 or log2FC<−1 and P<0.05 con‐
ditions. The analysis of these differentially expressed
genes revealed a significant association between UPF1
and amino acid metabolism (Fig. 2a), including argi‐
nine and proline metabolism (fold enrichment=1.84, P=
0.024, false discovery rate (FDR)=0.39) and gly‐
cine, serine, and threonine metabolism (fold enrich‐
ment=1.89, P=0.042, FDR=0.45). Our aim was to fur‐
ther decipher the molecular mechanisms involved in
amino acid-related transcription regulated by UPF1.
Subsequent GSEA confirmed that UPF1 knockdown
significantly inhibits “Response of eIF2αK4 (GCN2)
to amino acid deficiency” (NES=−3.429; Fig. 2b).
Notably, the eIF2α-ATF4 axis is not only the most
important part of the “eIF2αK4 (GCN2) to amino acid
deficiency” pathway, but also a crucial factor regulat‐
ing cell amino acid content. Activation of ATF4 expres‐
sion depends upon eIF2α -Ser51 phosphorylation. We
observed that silencing UPF1 drastically decreased
ATF4 protein expression and phosphorylation at the
Ser51 of eIF2α but had no effect on eIF2α expression
(Fig. 2c).

To understand the specific mechanism by which
the eIF2α-ATF4 axis is regulated, we transfected
control and UPF1-Flag overexpression vectors into
HEK-293T cells. The data from simple protein mix‐
ture identification suggested that UPF1 may interact
with EIF2S1, also known as the subunit α of eIF2
(eIF2α) (Fig. 2d). Co-immunoprecipitation (Co-IP)
assays showed that UPF1 was significantly bound to
eIF2α in H1299 cells (Fig. 2e). In summary, these

data indicated that UPF1 knockdown significantly
inhibited phosphorylation of eIF2α-Ser51 and expres‐
sion of ATF4 protein, thereby downregulating the intra‐
cellular amino acid level in lung adenocarcinoma cells.

3.3 Regulation of amino acid levels by UPF1
depending upon ATF4 expression in LUAD cells

Previous data have confirmed that the amino
acid level is maintained by UPF1. Accordingly, we
performed GC-MS experiments to further verify that
ATF4 was involved in UPF1-induced amino acid
metabolism reprogramming. Knockdown of UPF1 re‐
duced the levels of diverse amino acids; conversely,
ATF4 overexpression rescued the amino acid levels
in UPF1-knockdown LUAD cells (Fig. 3a), includ‐
ing serine, threonine, aspartic acid, glutamine, tyro‐
sine, glycine, isoleucine, alanine, and valine (Fig. 3b).
These results indicate that ATF4 plays a critical role
in UPF1-dependent amino acid metabolism reprogram‐
ming in LUAD.

3.4 Promotion of cell proliferation by UPF1 via
ATF4 in vitro and in vivo

To evaluate the effect of ATF4 on cell prolifera‐
tion by UPF1 inhibition, we rescued ATF4 expression
in UPF1-knockdown cells (Fig. 4a). Colony formation
and CCK-8 assays confirmed that ATF4 overexpres‐
sion significantly increased the number of clones and
proliferative potential in UPF1-knockdown H1299 and
A549 cells (Figs. 4b–4d). In short, we confirmed that
ATF4 recovered the suppressive effect of UPF1 defi‐
ciency on cell proliferation.

To simulate the growth environment of LUAD
in vivo, we further carried out a subcutaneous tumori‐
genesis experiment in nude mice (Figs. 4e and 4f). In
line with the observations in vitro, compared with
the control group, the tumor mass and volume of the
shUPF1-1 group were significantly reduced. Com‐
pared with the shUPF1-1 group, tumor mass and
volume in the shUPF1-1+ATF4 overexpression group
were significantly higher (Figs. 4g and 4h). In sum‐
mary, these results suggest that oncogenic function of
UPF1 may occur through ATF4 expression in LUAD.

3.5 Correlation of UPF1-ATF4 axis with poor prog‐
nosis in LUAD patients

To verify the high expression of UPF1 in LUAD
tissues, we analyzed the mRNA expression level of
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UPF1 in the TCGA database. UPF1 mRNA expression
in tumors was significantly higher than in normal
tissues (P=0.036; Fig. 5a). We subsequently constructed

the Kaplan-Meier curve for LUAD patients using the
TCGA database (n=535, best cutoff), which showed
that a higher UPF1 level was associated with worse

Fig. 2 Up-frameshift 1 (UPF1) knockdown inhibited Ser51 phosphorylation of eukaryotic translation initiation factor 2α
(eIF2α) and activating transcription factor 4 (ATF4) expression. (a) Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analysis of differentially expressed genes based on transcriptome sequencing of UPF1 knockdown
in H1299 cells. The y-axis indicates the pathway names, and the x-axis indicates the gene ratio in each pathway. Bubble
size indicates the number of genes. The color bar indicates the corrected false discovery rate (FDR) value with yellow
representing a higher value and red a lower value. (b) Gene set enrichment analysis (GSEA) was performed in the
shUPF1-1 groups based on the transcriptome sequencing dataset. A positive enrichment score (ES) indicates gene set
enrichment at the top of the ranked list; a negative ES (NES) indicates gene set enrichment at the bottom of the ranked list.
The analysis demonstrates that known eIF2αK4 (GCN2) to amino acid deficiency was enriched. (c) Western blot analysis
of the effects of UPF1 on eIF2α, eIF2α-Ser51, and ATF4 in H1299 cells, and quantitative analysis of eIF2α-Ser51/eIF2α
ratio. Data are expressed as mean±standard deviation, n=3 (* P<0.05). (d) Some of the proteins identified by simple
protein mixture identification after the Flag-bead pulldown assay in UPF1-Flag overexpression (OE) 293T cells. (e) Western
blot analysis of the co-immunoprecipitation (Co-IP) assay in H1299 wild-type cells. HTLV-I: human T-lymphotropic
virus type I; ECM: extracellular matrix; TGF-β: transforming growth factor-β.
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overall survival (OS) (hazard ratio (HR)=1.38, P=
0.038; Fig. 5b). However, the effect of ATF4 expres‐
sion on OS was not statistically significant in LUAD
patients (P=0.092; Fig. 5c). Then, we divided the cases
into several groups according to the levels of UPF1
and ATF4 to explore whether ATF4 is involved in
the function of UPF1 in worsening OS. As predicted,
the OS of patients with high UPF1 and ATF4 expres‐
sion was significantly lower than that of other pa‐
tients (HR=0.70, P=0.023; Fig. 5d). In the group with
high UPF1 expression, the OS of patients with high
ATF4 expression was significantly lower than that
of patients with low ATF4 expression (HR=0.63, P=
0.024; Fig. 5e). However, in the cases with low UPF1

expression, there was no significant difference in OS
between the low and high ATF4 expression groups
(Fig. 5f). When the cases were classified by the expres‐
sion level of ATF4 in the analysis, the UPF1 level no
longer appeared to affect OS (Figs. 5g and 5h). These
results indicated that UPF1 promoted tumor progres‐
sion in an ATF4-dependent manner.

4 Discussion

More than a simple component that functions to
regulate RNA degradation in cellular physiological
processes, UPF1 is also relevant to multiple biological

Fig. 3 Up-frameshift 1 (UPF1) knockdown inhibited lung adenocarcinoma (LUAD) cell proliferation via activating
transcription factor 4 (ATF4) in vitro and in vivo. (a) Heatmap of the changes in amino acids related to ATF4
overexpression (OE) after UPF1 knockdown. Blue represents the decreasing trend and red represents a rising trend. (b) Bar
diagram of changes in amino acids related to ATF4 OE after UPF1 knockdown. The bar height of the histogram indicates
the mean of measurements of amino acids for each group in gas chromatography-mass spectrometry (GC-MS). Vertical
bars are standard errors of the means. Data are expressed as mean±standard deviation, n=4. The star (*) symbol denotes
the level of statistical significance determined by analysis of variance (ANOVA): * P<0.05, ** P<0.01, *** P<0.001.
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behaviors of tumors, such as proliferation (Han et al.,
2020), apoptosis (Li et al., 2017), autophagy (Zhang

et al., 2021), metastasis (Wang et al., 2019), and
drug resistance (Zhang et al., 2017). Notably, UPF1

Fig. 4 Up-frameshift 1 (UPF1) enhanced amino acid levels depending upon activating transcription factor 4 (ATF4) in
lung adenocarcinoma (LUAD) cells. (a) Western blot analysis of shUPF1-1 and shUPF1-1 with ATF4 overexpression
(OE) in H1299 and A549 cells. (b, c) Clone formation assay results of the inhibitory effects of UPF1 deficiency and the
rescue effects of ATF4 OE. (d) Cell counting kit-8 (CCK8) assay of cell viability. (e) Images of subcutaneous xenograft
tumors (three per group). (f) Western blot analysis of protein expression levels of ATF4 and UPF1 in the subcutaneous
xenograft tumors. (g) The weight of the subcutaneous xenograft tumors. (h) The volume changes of the subcutaneous
xenograft tumors. Data are expressed as mean±standard deviation, n=3. The star (*) symbol denotes the level of statistical
significance determined by analysis of variance (ANOVA): * P<0.05, ** P<0.01, *** P<0.001. OD450: optical density at 450 nm.
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exerts carcinogenic or anticarcinogenic effects depend‐
ing on different pathological types. However, we found
that proliferation of lung adenocarcinoma cells was
suppressed upon UPF1 deficiency, but that the mech‐
anism was undefined. In this study, we focused on the
expression and prognosis of UPF1 in lung adenocar‐
cinoma patients and explored the mechanism by which
UPF1 promotes lung adenocarcinoma proliferation.

A growing appreciation of metabolic otherness in
cancer has increased the demand to identify mechan‑
isms that regulate metabolic reprogramming in tumors,

mainly including glycol-metabolism, lipo-metabolism,
and amino acid metabolism (Boroughs and Debe‐
rardinis, 2015; Chen et al., 2019; Zhu and Thompson,
2019). We hypothesized that UPF1 was associated
with metabolic reprogramming in LUAD. In GC-
MS-dependent metabolomics analysis, 28 metabolites
were significantly disordered when UPF1 was knocked
down, of which amino acids were the majority (Fig. 1).
In addition to serving as substrates for protein synthe‐
sis, amino acids also play a role in energy generation,
promoting nucleoside synthesis and maintaining redox

Fig. 5 Expression of up-frameshift 1 (UPF1) in lung adenocarcinoma (LUAD) tissues and its relationship with patient
prognosis. (a) The messenger RNA (mRNA) expression of UPF1 in adjacent normal and LUAD tissues in The Cancer
Genome Atlas (TCGA) database; (b, c) the relationship between UPF1 (b) or activating transcription factor 4
(ATF4) (c) expression and over survival (OS) in LUAD patients analyzed by Kaplan-Meier plotter. (d‒h) To explore
whether ATF4 is involved in the function of UPF1 in worsening OS, we divided the cases into several groups
according to the levels of UPF1 and ATF4 and drew Kaplan-Meier curves. The “HR” and “log-rank P” of each group
are listed under the curves (“+” represents high expression and “−” represents low expression after analysis with best
cutoff). FPKM: fragments per kilobase per million; HR: hazard ratio.
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homeostasis in cells (Tsun and Possemato, 2015). A
rich supply of amino acids is important for cancers
to maintain their proliferation ability (Vettore et al.,
2020). Our opinion, which remains to be confirmed,
is that UPF1 promotes LUAD proliferation by means
of amino acid metabolism reprogramming.

Tumor metabolic dysregulation is usually achieved
by gene amplification or deletion or the altered activa‐
tion status of upstream signaling pathways. How‐
ever, no article has reported the relationship between
UPF1 and tumor amino acid metabolism. Intracellular
amino acid levels are regulated by several complex
processes, including: synthesis of nonessential amino
acids; import, export, and degradation of nonessential
and essential amino acids; and protein synthesis and
degradation. Previous studies have confirmed that
ATF4 is a key transcription factor activating amino
acid metabolism, for example the serine glycine meta‐
bolic pathway (Tajan et al., 2021) and asparagine syn‐
thetase (Gwinn et al., 2018), especially in nutrition
deficiency or oxidative stress (Adams, 2007; Bai et al.,
2021). The upstream open reading frame (uORF) in
ATF4 mRNAs allows them to be translated by the 43S
preinitiation complex in an eIF2α-dependent manner
(Krishnamoorthy et al., 2019). In brief, eIF2α-ATF4
maintains intracellular amino acid levels via multiple
mechanisms. Mechanistically, we found that UPF1
knockdown inhibited phosphorylation of eIF2α-Ser51
and further inhibited expression of ATF4, according
to RNA-seq (Figs. 2a and 2b) and western blot results
(Fig. 2c). These results suggest that UPF1 regulates
amino acid levels via the eIF2α-ATF4 axis. The repro‐
gramming of amino acid metabolism is a hallmark of
cancer, which has an important impact on tumor pro‐
liferation (Hanahan and Weinberg, 2011). Both in vivo
and in vitro experiments showed that UPF1 knockdown
inhibited LUAD proliferation (Fig. 4), which was res‐
cued by upregulation of amino acids activated by ATF4
overexpression (Fig. 3). In addition to survival analysis,
patients with LUAD have a worse prognosis when
UPF1 and ATF4 are both highly expressed (Fig. 5).

5 Conclusions

In summary, our study provided the key insight
that UPF1, a critical factor of NMD, positively regu‐
lates ATF4 through activating eIF2α-Ser51 phosphory‐
lation. Consequently, UPF1 promotes cell proliferation

by increasing the amino acid levels of LUAD cells.
These findings provide a new potential strategy for
targeting UPF1 therapy in LUAD.
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