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Abstract
Diseases and environmental stresses are two distinct challenges for virtually all living organisms. In light of evolution, cel-
lular responses to diseases and stresses might share similar molecular mechanisms, but the detailed regulation pathway is 
not reported yet.
We obtained the transcriptomes and translatomes from several NSCLC (non-small-cell lung cancer) patients as well as from 
different species under normal or stress conditions. We found that the translation level of gene ATF4 is remarkably enhanced 
in NSCLC due to the reduced number of ribosomes binding to its upstream open reading frames (uORFs). We also showed 
the evolutionary conservation of this uORF-ATF4 regulation in the stress response of other species. Molecular experiments 
showed that knockdown of ATF4 reduced the cell growth rate while overexpression of ATF4 enhanced cell growth, especially 
for the ATF4 allele with mutated uORFs. Population genetics analyses in multiple species verified that the mutations that 
abolish uATGs (start codon of uORFs) are highly deleterious, suggesting the functional importance of uORFs.
Our study proposes an evolutionarily conserved pattern that enhances the ATF4 translation by uORFs upon stress or disease. 
We generalized the concept of cellular response to diseases and stresses. These two biological processes may share similar 
molecular mechanisms.
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Abbreviations
ATF4  Activating transcription factor 4.
DEG  Differentially expressed gene.
NSCLC  Non-small-cell lung cancer.
TF  Transcription factor.
mRNA  Messenger RNA.
TE  Translation efficiency.
UTR   Untranslated region.
CDS  Coding sequence.
uORF  Upstream open reading frame.
TPM  Transcripts per million mapped reads.
RPKM  Reads per kilobase per million mapped reads.
PCC  Pearson correlation coefficient.

MEF  Mouse embryonic fibroblast.
NC  Negative control.
UPR  Unfolded protein response.
IRES  Internal ribosome entry site

Introduction

Non-small-cell lung cancer (NSCLC) is a major type of lung 
cancer that is still causing death every year. Studying the 
molecular mechanism underlying NSCLC oncogenesis is 
certainly important. Clarification of the cellular response to 
such diseases would help people understand the regulation 
of oncogenesis at the molecular level. From a more general 
and broader point of view, stress response, which shares sev-
eral similarities with disease response, is also challenging 
for virtually all living organisms (Feder and Krebs, 1997; 
Kilian et al., 2007; Yang et al., 2019). Either the environ-
mental changes or the diseases will force the organisms to 
reprogram their cellular system/component to adapt to the 
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current condition (Arella et al., 2021; Chu and Wei, 2019; Li 
et al., 2020a; Zhang et al., 2021b). Therefore, environmental 
stress and diseases are usually interconnected at the molecu-
lar level and are simultaneously studied in various pieces 
of literatures (Du et al., 2015; Hoeijmakers et al., 2017; 
Kosuge et al., 2018). This raises the evolutionary relevance 
between diseases and stresses, which might be essentially 
the same for the cellular defense and immune systems. A 
typical example is virus infection (Li et al., 2020a; Zhang 
et al., 2021a, 2022). At the individual level, virus infection is 
regarded as disease, but at the cellular level, virus infection 
is essentially a kind of stress. This analogy further suggests 
that diseases and stresses have various common features. 
However, the detailed regulation mechanisms together with 
target genes are largely unknown.

Intriguingly, a gene named activating transcription factor 
4 (ATF4), which plays a role in cancers, is also linked with 
multiple stress responses like nutrient deprivation (starva-
tion) (Ye et al., 2010) and hypoxia (Rzymski et al., 2010). 
Studies on either of the two aspects (disease or stress) will 
help understand the molecular mechanisms underlying how 
the cells and organisms take action to adapt to environmental 
fluctuation. The case of ATF4 promotes us to find a unified 
model to link disease and stress. We looked for related lit-
eratures and found that traditional stress or disease studies 
are largely based on differentially expressed genes (DEG). 
For example, upon salt stress, the model plant Arabidopsis 
thaliana would up and down-regulate particular genes to 
alleviate the severity (Chu and Wei, 2020; Jin et al., 2021; 
Liu et al., 2020; Wu et al., 2019). The neuron-specifically 
expressed genes guide the mouse behavior during starvation 
stress (Hellsten et al., 2017). Upon the heat and cold stress, 
the fruitflies change the alternative splicing mode or modi-
fication patterns to activate the heat shock protein (Desro-
siers and Tanguay, 1986; Fujikake et al., 2005). So far, the 
regulatory networks upon environmental changes or diseases 
are mainly studied at the transcription level (namely differ-
ential expression analysis) but less studied at the translation 
level (Lukoszek et al., 2016). More importantly, there lacks 
a unified model (e.g., the role of a particular cis element) to 
explain the DEG or differentially translated genes.

mRNA translation is the fundamental biological process 
that is as essential as the transcription process. Translation is 
highly regulated. The natural selection pressure acts on the 
translation initiation (Wang et al., 2021; Zhang et al., 2022) 
or elongation rates (Chu and Wei, 2021b; Li et al., 2021, 
2020c; Yu et al., 2021) suggests the necessity for maintain-
ing a normal translation rate. To date, the most powerful tool 
for translational studies is the ribosome profiling technique 
(Ingolia et al., 2009, 2011). This technique captures and 
sequences the mRNA fragments being translated by ribo-
somes (usually around 30 bp long), providing global and 
local maps of ribosome occupancy (translation rate).

Among the various cis and trans determinants of the 
translation efficiency (TE) of genes, the most influential 
element is the short upstream open reading frame (uORF) 
(Chew et al., 2016) in the 5′UTR regions that starts with an 
ATG triplet (Fig. 1A). uORFs are located upstream of the 
main CDS and serve as roadblocks to inhibit the translation 
of the main CDS. The more ribosomes blocked by uORFs, 
the less ribosomes would reach the main CDS. Thus, uORFs 
are strong inhibitors of CDS translation.

Interestingly, the regulation mediated by uORFs is asso-
ciated with many stress responses and diseases in a wide 
range of species. In humans, hyperosmotic stress reduces 
the translation efficiency of MDM2 and eIF2D mRNAs via 
one single uORF on each gene (Akulich et al., 2019). The 
mutation that abolishes uORFs directly causes human malig-
nancies (Schulz et al., 2018). Engineering the plant genome 
with uORFs also creates higher disease resistance (Xu et al., 
2017). These facts suggest that there is an evolutionarily 
conserved mechanism to regulate the translation of genes 
by uORFs during environmental changes and diseases, but a 
broader range of target genes regulated by uORFs is largely 
unidentified and the detailed mechanism is unknown.

There was an early report (Harding et al., 2000) on the 
mechanism of how mammalian PERK and GCN2, two eIF2 
kinases, suppress the translation of most mRNAs but spe-
cifically increase ATF4 mRNA translation. This provides us 
with an example of the uORF-regulated gene. The authors 
concluded that the evolutionarily conserved uORFs in ATF4 
are responsible for translational regulation (Harding et al., 
2000). Another study from the same group (Lu et al., 2004) 
showed that an artificial eIF2-alpha uncoupled from the 
stress signaling pathway could single-handedly activate the 
expression of many stress-induced genes. The authors pro-
posed that both the translational regulation and gene expres-
sion activation roles of eIF2-alpha contribute to cytoprotec-
tion (Lu et al., 2004). Meanwhile, there was a detailed report 
on the molecular mechanism underlying ATF4 translational 
control (Vattem and Wek, 2004). Under stress, when the 
eIF2-GTP complex is scarce, most genes would be transla-
tionally inhibited. However, under low eIF2-GTP concentra-
tion, ribosome scanning has a higher chance of missing the 
uORFs and translating the main CDS of ATF4, leading to the 
increase in ATF4 translation (Vattem and Wek, 2004). This 
paper nicely explains why ATF4 behaves conversely to the 
normal genes under stress. Then, a paper (Chan et al., 2013) 
introduces a new mechanism that upon unfolded protein 
response (UPR), the translation of ATF4 is not controlled by 
uORFs but mediated by internal ribosome entry site (IRES) 
in 5′UTR. This study used a human ATF4 isoform with four 
uORFs (Chan et al., 2013).

A recent study (Vasudevan et al., 2020) used the UAS-
RNAi system in Drosophila melanogaster to screen the 
known translation initiation factors required for ATF4 
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translation. The authors found that loss of eIF2D and DENR 
would make fruitflies more vulnerable to amino acid depri-
vation and show phenotypic defects similar to ATF4 mutant 
fruitflies. The mechanistic connection between eIF2D and 
ATF4 is achieved via the uORFs in ATF4 5′UTR, what the 
authors called the “5′ leader sequence.” The uORFs mainly 
control the translation (but not transcription) of the ATF4 
gene (Vasudevan et al., 2020). However, apart from the func-
tional importance of uORFs/ATF4 verified in lab strains of 
Drosophila, it remains unclear whether these uORFs are 
well maintained in natural Drosophila populations as well 
as many other model organisms. Intuitively, if the uORFs are 
functional, then the mutations that abolish uORFs should be 
deleterious and be suppressed in natural populations. This 
question could be answered by investigating the population 
SNP data.

Based on the prevalence of uORFs in the genome, we 
believe that the uORF-mediated translation regulation 
should participate in a much broader range of diseases and 
stress conditions. Given the fact that the ATF4 gene has 4 
uORFs which are highly conserved in vertebrates (Fig. 1B) 
and even in invertebrates, we are eager to see whether the 
uORF-ATF4-disease/stress axis exists in NSCLC onco-
genesis. We obtained the transcriptomes and translatomes 
from seven NSCLC patients and normal tissue and found 
that the ATF4 translation is enhanced in NSCLC due to the 
reduced number of ribosomes binding to uORFs. To show 
the conservation of this uORF-ATF4-disease/stress pathway, 
we further sought the transcriptome and translatome data of 
mouse and Drosophila upon nutrient deprivation and found 
exactly the same pattern of enhanced ATF4 translation and 
reduced uORF translation under stress. We experimentally 

Fig. 1  uORF and ATF4 gene. A Normally, ribosomes will translate 
the CDS from start codon ATG. If there is uORF in the 5′UTR, then 
the ATG of uORF will sequestrate the ribosomes and lead to the 
translation on uORF, preventing the CDS from being translated. B 
Mammalian gene ATF4 (activating transcription factor 4) has four 
uORFs. The conservation level (given by phyloP value) is obvi-

ously higher in the uORF regions compared to the rest of the 5′UTR 
regions. The sequence alignment also shows high similarity among 
vertebrates. The black regions mean identical nucleotides with human 
sequence. Gray regions mean non-identical nucleotides with human 
sequence. Gaps are shown as thin lines. The gene model is just an 
example because in reality the uORF could extend into the CDS
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verified the biological function of ATF4 in the human cell 
line. Knockdown of ATF4 reduced the cell growth rate while 
overexpression of ATF4 enhanced cell growth, especially 
for the ATF4 allele with mutated uORFs. Population genet-
ics analyses in multiple species verified that the mutations 
that abolish uATGs (start codon of uORFs) are highly del-
eterious, suggesting the functional importance of uORFs. 
Our study proposes an evolutionarily conserved mechanism 
that enhances the ATF4 translation by uORFs upon stress 
or disease.

Methods

Availability of Data and Material

The transcriptome and translatome data were obtained from 
NCBI with accession IDs ERP105150 (human NSCLC 
patients), SRP263114 (mouse embryonic fibroblasts), and 
SRP101682 (Drosophila S2 cell). There were seven anony-
mous NSCLC patients with transcriptome and translatome. 
The reference genomes of humans (Homo sapiens), mice 
(Mus musculus), and flies (Drosophila melanogaster) were 
got from the UCSC genome browser website (Kent et al., 
2002). The human NSCLC cell line is pursued from the cell 
bank of the Chinese Academy of Sciences. The human 1000 
genome SNPs were downloaded from the link (ftp:// ftp. 
1000g enomes. ebi. ac. uk/). The latest version was used. The 
Drosophila SNPs were downloaded from the Drosophila 
genetic reference panel (http:// dgrp2. gnets. ncsu. edu/) with 
the latest update. The SNPs in the population of Arabidopsis 
thaliana were retrieved from previous literatures (Alonso-
Blanco et al., 2016; Chu and Wei, 2021a; Wei, 2020). The 
sequences and SNPs of the world-wide SARS-CoV-2 popu-
lation were downloaded from GISAID (Shu and McCauley, 
2017) as previously literatures instructed (Liu et al., 2022; 
Zhu et al., 2022).

Mapping the Reads

We used tophat (Trapnell et al., 2009) and cufflinks (Ghosh 
and Chan, 2016) to align the reads to the reference genome. 
Single mappers were kept for further analysis. Gene expres-
sion was measured by RPKM (reads per kilobase per million 
mapped reads). Translation efficiency TE =  RPKMribosome/
RPKMmRNA. mRNA means reads in mRNA-seq, ribosome 
means reads from ribosome profiling. The mRNA RPKM 
and TE values are then used to calculate the foldchange 
between NSCLC and normal white blood cells. The RPKM 
on CDS and uORFs are calculated with the same pipeline. 
Since uORFs are usually short, the reads count on all uORFs 
of the same gene (if the gene has multiple uORFs) is com-
bined. Reads count on individual uORFs (like the multiple 

uORFs in the ATF4 gene) would be shown as special cases. 
The detailed algorithm defining uORF is introduced below.

Sequencing Depth

At the genome-wide level, we extracted the sequencing 
depth on each position with samtools depth (Li et al., 2009). 
All depth values are first normalized by the sample size, that 
is, the number of total mapped reads of each library. In the 
genome, the depth value (namely coverage) of a region (such 
as the uORF) is the mean depth of each position within this 
region. The ribosome density of a region is the ratio of ribo-
some depth to mRNA depth.

Defining uORFs in the Genome

uORFs are defined, to begin with an ATG in the 5′UTR. The 
ATG of a uORF is termed uATG. The uORF ends with an 
in-frame stop codon. The termini of uORFs are not necessar-
ily located in 5′UTR. The uORFs could extend to the CDS. 
Importantly, the different isoforms derived from alternative 
splicing might have different CDS and 5′UTR regions. To 
exclude potential false-positive translation signal on uORFs, 
we removed the uORF regions that overlapped with any 
CDS regions (not remove the whole uORF but only remove 
the overlapped regions). In the SNP analyses, we classified 
the 5′UTR into three exclusive regions: uATGs, uORFs, 
and the remaining 5′UTR. The mutations were assigned to 
a region according to their locations.

Population Genetic Analysis

The SNP (single-nucleotide polymorphism) files of target 
species came from the following resources: the human 1000 
genome project from (Kuehn, 2008) (ftp:// ftp. 1000g enomes. 
ebi. ac. uk/); the Drosophila genetic reference panel from 
(Mackay et al., 2012) (http:// dgrp2. gnets. ncsu. edu/); the 
1000 genome project of Arabidopsis thaliana from (Alonso-
Blanco et al., 2016; Chu and Wei, 2021a; Wei, 2020); and 
the millions of world-wide SARS-CoV-2 sequences from 
(Liu et al., 2022; Shu and McCauley, 2017; Zhu et al., 2022).

The SNP data were all presented in variant calling format 
(VCF). Each row of the VCF file is a mutation site. The 
columns include information on these mutation sites. For 
the default format of VCF files, the first two columns are 
the chromosome and position information, telling users the 
genomic coordinate of the mutation (SNP). The next two 
columns are the reference nucleotide and alternative nucleo-
tide. For example, if a SNP is an A-to-C mutation, then the 
reference nucleotide is A, and the alternative nucleotide is 
C. The fifth column of VCF could be the annotation. For 
example, whether a SNP is located in gene region or inter-
genic region, in coding sequence or non-coding sequence, a 

ftp://ftp.1000genomes.ebi.ac.uk/
ftp://ftp.1000genomes.ebi.ac.uk/
http://dgrp2.gnets.ncsu.edu/
ftp://ftp.1000genomes.ebi.ac.uk/
ftp://ftp.1000genomes.ebi.ac.uk/
http://dgrp2.gnets.ncsu.edu/
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missense mutation or a synonymous mutation. The following 
columns in the VCF file could be variable. The strand infor-
mation is optionally available, which refers to whether the 
SNP belongs to a gene located in the positive strand or nega-
tive strand of the genome. Then, the allele frequency (AF) 
information is also provided in the VCF files. AF means the 
fraction of alleles containing the alternative alleles. Impor-
tantly, for a mutation (SNP), higher AF is regarded as more 
adaptive. Therefore, comparing the AF of different sets of 
SNPs would tell us which set of mutations are beneficial 
or deleterious. This kind of analysis belongs to the basic 
population genetic analysis.

In our analysis, for each of the four species (human, 
Drosophila, Arabidopsis, SARS-CoV-2), we extracted all 
the SNPs in 5′UTR and classified them into three exclusive 
categories: (1) mutations in uATGs (the ATG of uORFs), 
(2) mutations in uORF (but not including uATG), and (3) 
the remaining 5′UTR (the 5′UTR region minus the uORF 
region). Next, the AF of SNPs of these three regions 

was compared to infer their relative adaptiveness and 
deleteriousness.

Graphic Works

The graphic works were plotted in EXCEL or by R language.

Results

ATF4 Is Translationally Up‑Regulated in NSCLC

In seven NSCLC patients, we quantified the gene expression 
(mRNA) and translation efficiency (TE) of each gene and 
calculated the foldchange in NSCLC compared to normal 
tissues. Foldchange > 0 means up-regulation in NSCLC, and 
vice versa. To screen for the most significant genes that are 
differentially expressed, we ranked the genes by the mean 
foldchange value among seven patients (Fig. 2A). For a 

Fig. 2  Expression and translation of ATF4 in NSCLC patients. A The 
mRNA and TE foldchange of expressed genes. The genes are ranked 
by mean foldchange among the 7 NSCLC patients. There are three 
genes with mRNA and TE foldchange > 0 in all 7 patients. They are 
ATF4 (activating transcription factor 4), S100P (S100 calcium bind-
ing protein P), and NeK2 (NIMA-related kinase 2). B The foldchange 

of mRNA expression and TE in seven NSCLC patients compared to 
normal white blood cells. ATF4 gene is labeled with red star. C Pear-
son correlation between the mRNA foldchange and TE foldchange of 
ATF4 gene in seven NSCLC patients. D Correlation between ATF4 
foldchange and the age of NSCLC patients. E Relationship between 
ATF4 foldchange and the gender of NSCLC patients
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particular gene, the up- or down-regulation in one patient 
does not necessarily represent the tendency in all seven 
patients. In fact, only very few genes show a consistent 
direction of foldchange among all seven patients. This phe-
nomenon suggests that the cancer tissue is generally noisy. 
Under the most stringent criteria, there are three genes with 
mRNA foldchange > 0 and TE foldchange > 0 in all seven 
patients. These three genes are up-regulated in NSCLC at 
both transcription level and translation level: they are ATF4 
(activating transcription factor 4), S100P (S100 calcium 
binding protein P), and NeK2 (NIMA-related kinase 2). We 
would check these three genes one by one. We first looked at 
the well-studied gene ATF4. Interestingly, all seven patients 
showed a higher extent of TE up-regulation than mRNA 
up-regulation (Fig. 2B). That is to say, although the mRNA 
level of ATF4 is already up-regulated in NSCLC, the trans-
lation rate is elevated more dramatically. This could lead to 
much more abundant ATF4 proteins in NSCLC compared 

to normal tissues. Moreover, the mRNA and TE foldchange 
values are positively correlated within the seven patients 
(Fig. 2C), indicating that the regulation on ATF4 might be a 
robust mechanism. In contrast, the extent of ATF4 up-regula-
tion is not correlated with age (Fig. 2D) or gender (Fig. 2E).

For the other two genes S100P and NeK2, no striking 
patterns were observed. The TE foldchange is not always 
higher or lower than the mRNA foldchange across the 
seven NSCLC patients. The TE and mRNA foldchange val-
ues are not correlated within seven patients (PCC = 0.11, 
p-value = 0.72 for S100P, and PCC = -0.02, p-value = 0.93 
for NeK2), suggesting that the regulation on S100P and 
NeK2 is not as robust as ATF4. The S100P and NeK2 fold-
change is not related to age and gender, either. Next, we 
fully took advantage of the GTEx (genotype-tissue expres-
sion) data (Consortium, 2013) and checked the expression 
of ATF4, S100P, and NeK2 (Fig. 3). ATF4 is generally 
omnipresent, while S100P is poorly expressed in normal 

Fig. 3  Expression (measured by TPM) of genes in human tissues 
from GTEx data. The rectangle highlights the white blood. These 
three genes have mRNA and TE foldchange > 0 in all 7 patients. 

ATF4 (activating transcription factor 4), S100P (S100 calcium bind-
ing protein P), and NeK2 (NIMA-related kinase 2)
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lungs, and NeK2 is highly expressed in a few tissues includ-
ing lungs (Fig. 3). We consider that NeK2 is already highly 
expressed in normal tissues, so it should not have striking 
effects when further up-regulated in NSCLC. Therefore, we 
will focus on ATF4 in the following analyses.

Genes with uORFs are Translationally Suppressed 
Except ATF4

We ask what kind of feature leads to the translational up-
regulation of ATF4 in NSCLC. The strongest regulatory cis 
element of translation efficiency is believed to be uORFs 
located in 5′UTR, upstream of the main CDS. uORFs are 
also understood as “5′ leader sequences” in some literatures 
(Vasudevan et al., 2020). Coincidently, ATF4 has 4 uORFs, 
whereas most genes only have one uORF or do not have 
uORFs. The number of uORFs in ATF4 exceeds the majority 
of genes. It is extremely likely that the uORFs play a role in 
regulating the translation of ATF4 in NSCLC.

Globally, compared to genes without uORFs, the genes 
with uORFs tend to have lower TE foldchange (Fig. 4A). 
That is to say, genes with uORFs are translationally sup-
pressed in NSCLC. This agrees with the known concept that 
uORFs suppress mRNA translation. However, ATF4 is an 
exception that is up-regulated in NSCLC (Fig. 4A). To rule 
out any technical bias, we checked the mRNA foldchange of 
genes with or without uORFs and found no significant differ-
ence (Fig. 4B). This proves that our bioinformatic pipeline 
does not introduce any biases to the measurement of gene 
expression level or translation efficiency.

Next, we quantified the reads count, RPKM, TE, and 
foldchange on uORFs with the same pipeline as on CDS 
(Fig. 4C). We compared the mRNA foldchange and TE 
foldchange on uORFs between NSCLC and normal sam-
ples and found that the uORF expression is generally 
unchanged while the translation signals on uORFs are glob-
ally increased in NSCLC (Fig. 4D). Note that the uORFs of 
ATF4, which have decreased translation signals in NSCLC, 
are exceptions compared to other uORFs (Fig. 4D). Indeed, 

Fig. 4  Genes with uORFs are translationally suppressed except ATF4. 
A TE foldchange of genes with or without uORFs. ATF4 gene is 
labeled with red star. The statistical significance is calculated with KS 
tests. ***represents p-value < 0.001. B mRNA foldchange of genes 
with or without uORFs. ATF4 gene is labeled with red star. C The 

reads count on uORF and CDS to calculate RPKM, TE, and fold-
change values. D mRNA and TE foldchange of uORFs. ATF4 gene is 
labeled with red star. The statistical significance is calculated with KS 
tests. ***represents p-value < 0.001
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apart from the uORFs in ATF4, there are still many other 
uORFs that have decreased TE in NSCLC. However, only 
the uORFs of ATF4 gene are consistently down-regulated in 
all seven NSCLC patients. For other uORFs, they displayed 
inconsistent patterns of up- and down-regulation in different 
patients. This result also indicates the robust regulation on 
ATF4 gene.

Decreased Translation on uORFs Elevates 
the Translation of the Main CDS of ATF4

It is known that the translation on uORFs would sequestrate 
the ribosomes and inhibit the translation of main CDS. For 
each pair of CDS and uORF (multiple uORFs of the same 
gene were combined), we compared their TE foldchange 

between NSCLC and normal tissues. Expectedly, at the 
genome-wide level, the foldchange of CDS is negatively cor-
related with the foldchange of the matched uORF (Fig. 5A). 
However, it is unexpected that for ATF4 gene, the CDS TE 
foldchange and uORF TE foldchange are significantly nega-
tively correlated across the seven NSCLC patients (Fig. 5B). 
We calculated the Pearson correlation coefficient (PCC) 
between CDS TE foldchange and uORF TE foldchange 
across the seven patients, gene by gene, and obtained that the 
median PCC value of all genes is 0.14, suggesting that most 
genes do not exhibit a correlation between CDS and uORF 
TE foldchange across seven patients (although within each 
sample the two features are negatively correlated). Again, 
gene ATF4 is an exception that the CDS TE foldchange and 
uORF TE foldchange values are negatively correlated across 

Fig. 5  The reduced uORF translation lead to the increased translation 
in CDS of gene ATF4. A Pearson correlation between the TE fold-
change in each gene and the matched uORF. Multiple uORFs within 
one gene are combined. Patient ID18 was used to plot this graph. B 
For ATF4 gene across the seven NSCLC patients, the TE foldchange 
in CDS is negatively correlated with the TE foldchange in uORF. C 
The mRNA foldchange in CDS is not correlated with the TE fold-

change in uORF. D TE of CDS and 4 uORFs in ATF4 gene. The 
mean and standard deviation across seven patients were displayed. 
The gene model is just an example because in reality the uORF could 
extend into the CDS. The overlapped region between uORF and 
CDS is not used for reads count and TE calculation. All the com-
parisons between normal and NSCLC are significant under KS tests 
(p-value < 0.001)
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seven patients (Fig. 5B). In contrast, the mRNA foldchange 
of CDS is not correlated with the uORF TE foldchange 
(Fig. 5C). These results further prove that the down-reg-
ulated translation signals on ATF4 uORFs caused the up-
regulated TE on its CDS, agreeing with the known notion 
that uORFs are translational suppressors of main CDS.

The above analyses have combined the reads of multi-
ple uORFs within the same gene. Since most genes with 
uORF only have a single uORF, the global anti-correlation 
between uORF and CDS should be solid. However, genes 
like ATF4 have multiple uORFs so those uORFs should be 
presented separately. Interestingly, we found a robust pat-
tern that all the 4 uORFs of ATF4 have significantly lower 
TE in NSCLC, while the TE of main CDS has significantly 
increased (Fig. 5D).

Experimental Verification of the uORF‑ATF4‑NSCLC 
Axis

We set out to experimentally confirm the role of uORF-
mediated translation regulation in NSCLC. We designed 
five mutant sequences of ATF4 (Fig. 6A). The ATG of the 
four uORFs is changed separately (denoted as variant-1 to 

variant-4) or changed simultaneously (denoted as variant-5). 
The start codon ATG of uORF is termed uATG. Note that we 
only altered the uATGs but did not delete the whole uORF 
regions for the following reasons: (1) uATG is important 
for loading the ribosomes onto uORFs. Mutations in uATG 
are sufficient to abolish the ribosome binding to uORFs; 
(2) Deleting the whole uORF region would introduce other 
unpredictable changes like the RNA secondary structure and 
gene length, which may also affect the translation efficiency 
of CDS.

We first silenced the ATF4 gene in human NSCLC cell 
line (which reduced the ATF4 expression by 82%) and 
observed a remarkable reduction in the cell growth rate 
(Fig. 6B). This preliminary assay demonstrated that ATF4 
is able to promote NSCLC cell growth, but the detailed role 
and molecular mechanism of uORF are still unclear. Next, 
we transfected the wildtype and mutant ATF4 sequences into 
the cells. In the cells transfected with wildtype ATF4, the 
cell growth slightly increased compared to the negative con-
trol (Fig. 6C). In the cells transfected with variants of single-
mutation on uATG, the growth rate increased remarkably, 
suggesting that the abolishment of uORFs has alleviated the 
ribosome sequestration and thus enhanced the translation 

Fig. 6  The experimental verification of the uORF-ATF4-phenotype 
axis. A Design of five ATF4 variant sequences. The ATG of the four 
uORFs is mutated separately (variant-1 to variant-4) or together (vari-

ant-5). B Cell growth of human cell line with si-NC (negative con-
trol) and the knockdown of ATF4. C Cell growth under transfection 
of different ATF4 variants and NC
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of CDS. For the sequence with all four uATG abolished, 
which is expected to have the strongest translation on ATF4 
main CDS, we observed the highest growth rate among all 
variants (Fig. 6C). These experimental validations support 
the uORF-mediated important regulatory role of ATF4 in 
oncogenesis.

The uORF‑ATF4‑Disease/Stress Axis Is Evolutionarily 
Conserved in Mouse and Fly

We wonder how general the uORF-ATF4 regulatory mecha-
nism is. Ideally, we should search for samples with similar 
phenotypes in mammals. Given the rarity of ribosome profil-
ing data compared with the transcriptome data, we were only 
able to find integrated translatome data for cell lines under 
stress conditions. We selected two representative datasets 
of mouse embryonic fibroblast (MEF) cells and Drosophila 
S2 cells under normal and nutrient deprivation conditions. 
In this way, the uORF-ATF4-cancer axis is extended to the 
uORF-ATF4-disease/stress axis.

In mice, we saw that the translation of ATF4 uORFs is 
consistently reduced upon nutrient deprivation while the 
CDS translation is remarkably elevated (Fig. 7A). This 
result highlights the conservation of uORF-ATF4 regula-
tion in mammals. In a wider range of species, we looked 
at the Drosophila S2 cells. The Drosophila genome also 
encodes 4 uORFs in gene ATF4. This demonstrates the 
highly conserved ATF4 sequences across the entire animal 
kingdom. Upon nutrient deprivation in S2 cells, the trans-
lation of all 4 uORFs was reduced while the CDS showed 
remarkably enhanced TE (Fig. 7B). However, the patterns 
in Drosophila S2 cells are slightly different from what we 
observed in humans and mice. In S2 cells, only the first two 
uORFs of ATF4 were highly translated under normal condi-
tion (Fig. 7B), while in mammals, all the 4 uORFs of ATF4 
showed substantial translation signals under normal condi-
tions. The functional regulatory network of ATF4 may have 
diverged in invertebrates including insects, where the last 
two uORFs of ATF4 lost their translatability as well as their 
regulatory role in stress response. Nevertheless, the certain 

Fig. 7  The translational changes on uORF and CDS of ATF4 upon 
nutrient deprivation. A In MEF (mouse embryonic fibroblast) cells, 
the uORF translation of ATF4 is reduced while the CDS translation 
is enhanced upon nutrient deprivation. B In Drosophila S2 cells, the 
uORF translation of ATF4 is reduced while the CDS translation is 

enhanced upon nutrient deprivation. The TE is displayed as mean and 
standard deviation of all the samples and replicates. The gene model 
is just an example because in reality the uORF could extend into the 
CDS. The overlapped region between uORF and CDS is not used for 
reads count and TE calculation
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thing is that the uORF-mediated translation regulation of 
ATF4 and its downstream effects should be highly conserved 
across vertebrates and invertebrates.

Population Data Suggest the Deleteriousness 
of Abolishing uATGs of uORFs

The translatome data showed that ATF4 translation suppres-
sion by uORF is alleviated upon NSCLC or stress. If the 
uORF-mediated ATF4 regulation is really essential, then the 
mutations that abolish uORF should be deleterious. Notably, 
in theory, abolishing uATG is sufficient to abolish the trans-
lation of the whole uORF. We will check the deleteriousness 
of uATG-loss mutations by using population SNP data.

Population genetics theory dictates that the fitness 
changes caused by the mutations could be well reflected 
by the allele frequency (AF) in natural populations (Crow, 
1955). In particular, deleterious mutations are usually sup-
pressed to very low frequencies across the population. This 
golden standard could be used to test the distinct biological 
consequences of different mutations. Let us check the muta-
tions in 5′UTRs. We classified all mutations in 5′UTR into 
three distinct groups: (1) mutations in uATGs (the ATG of 
uORFs), (2) mutations in uORF (the uORF region minus 
the uATG), and (3) the remaining 5′UTR (the 5′UTR region 
minus the uORF region) (Fig. 8A). We obtained the popula-
tion SNP data from multiple species. These SNP data include 
the human 1000 genome (Kuehn, 2008), Drosophila genetic 
reference panel (Mackay et al., 2012), 1000 genome project 
of Arabidopsis thaliana (Alonso-Blanco et al., 2016; Chu 
and Wei, 2021a; Wei, 2020), and the SNPs called from mil-
lions of global SARS-CoV-2 sequences available in GISAID 
or relevant literatures (Cai et al., 2022; Li et al., 2020b; Liu 
et al., 2022; Martignano et al., 2022; Shu and McCauley, 
2017; Wei, 2022; Zhao et al., 2022; Zhu et al., 2022; Zong 
et al., 2022). We utilized these SNP data to test whether the 
mutations that abolish uORFs are most deleterious. Notably, 
a mutation in uATG (the start codon of uORF) is sufficient 
to destroy the uORF. In human, Drosophila, Arabidopsis, 
and even SARS-CoV-2 populations, the mutations in uATGs 
were suppressed to very low allele frequencies compared 
to the other mutations in 5′UTR (Fig. 8B–E). In contrast, 
whether the mutations are located in or out of uORF regions 
did not differ much. For ATF4 gene (in humans and Dros-
ophila), there were several mutations located in its 5′UTR, 
including the uORF region. The allele frequency of muta-
tion in uATG was extremely low in both humans and Dros-
ophila (Fig. 8B, C). These results are perfect indicators of 
the deleteriousness of mutations in the uATG of uORFs. 
If the uORFs lose the ability to sequestrate the ribosomes, 
then their translational regulatory role would be lost. Also, 
the results suggest that altering the uATG of uORF rather 
than the rest of the uORF region was deleterious because 

no difference was observed between the mutations in uORF 
(excluding uATG) and the rest of the 5′UTR (Fig. 8B–E). 
This result also proves that abolishing uATG is sufficient 
to abolish the translation (or function) of the whole uORF.

Discussion

The ribosome profiling technique greatly facilitated trans-
lational studies. We have fully utilized this technique. We 
observed strikingly different patterns in ATF4 gene com-
pared with other genes under stress conditions or diseases. 
The CDS translation of the majority of genes was down-
regulated due to the increased ribosome sequestration in 
uORFs. In ATF4, however, the ribosome sequestration in 
uORFs was alleviated under stress or disease, leading to the 
elevated translation signals in main CDS. This conserved 
phenomenon between human disease and nutrient depriva-
tion of mice and flies indicates the important regulatory role 
of uORF and ATF4 upon diseases or stress.

There are quite a few similarities between cancer like 
NSCLC and nutrient deprivation stress, where the resource 
and energy supply is limited. On one hand, the cancer cells 
require more nutrients and calories to grow and prolifer-
ate. On the other hand, upon nutrient deprivation, the cells 
should save as much energy as they could to maintain the 
basic requirements. Disease and stress are not only phe-
notypically similar but also genetically analogous at the 
molecular level. As we have proposed, virus infection is an 
excellent example of the connection between disease and 
stress, where at the individual level it is regarded as a disease 
but at the cell level, it is treated as stress. The common point 
between disease and stress is that some unnecessary cellular 
activities should be shut down to ensure the fundamental 
needs or fight against the pathogens. This indicates a pos-
sible evolutionarily conserved molecular mechanism for the 
cells to respond to stress and disease. Reducing the transla-
tion of most of the genes should be a smart way to avoid 
unnecessary waste, but meanwhile, a small set of genes like 
ATF4 should be up-regulated in response to environmen-
tal stimuli. Thus, for ATF4 gene, the constantly observed 
uORF translational reduction and the CDS translational 
enhancement in human disease or mouse/fly stress could be 
the evolutionarily conserved mechanism that alleviates the 
food limitation and energy shortage, a possible strategy to 
get through stress/disease.

Certainly, the cellular system works as an integrated net-
work rather than a simple pathway. Although numerous lit-
eratures tried to simplify the cell system as a single pathway, 
we should admit that the observed changes in ATF4 are only 
a small node in the whole cellular network. Other pathways 
in the network might be equally important.
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Finally, we carried out population genetics analyses on 
the mutations in uATGs, uORFs, and 5′UTRs. Evolution-
ary theories dictate that if a cis element is highly functional 
(such as uORFs, particularly the uATGs), then the mutations 

that abolish these cis elements would be deleterious so that 
the allele frequency of such mutations should be very low. 
From our analyses of the uORF-mediated translational regu-
lation on ATF4, we already know that uORFs have crucial 

Fig. 8  The population genetics analysis on uORFs. A Classification 
of mutations in 5′UTR. B Allele frequency of different sets of muta-
tions in the human 1000 genomes. The mutations in ATF4 gene are 
highlighted as red stars. The statistical significance is judged by KS 
test between ATG and the other two sets of mutations. ***means 
p-value < 0.001. C Allele frequency of different sets of mutations 
in the Drosophila genetic reference panel. The mutations in ATF4 
gene are highlighted as red stars. The statistical significance is 

judged by KS test between ATG and the other two sets of mutations. 
***means p-value < 0.001. D Allele frequency of mutations obtained 
from the 1000 genome project of Arabidopsis thaliana. ***means 
p-value < 0.001. E Allele frequency of mutations obtained from the 
world-wide SARS-CoV-2 sequences. ***means p-value < 0.001. 
These results prove that mutations in uATG are sufficient to abolish 
uORFs and that these mutations are deleterious
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functions in stress response and disease. Therefore, it is 
intuitive to predict that the mutations that abolish uORF 
(particularly uATG) should be deleterious. The population 
SNP data collected by us range from viruses to eukaryotes, 
including humans, Drosophila, Arabidopsis, and SARS-
CoV-2. These species are sufficient to represent different 
evolutionary clades. We constantly observed the suppression 
of mutations in uATGs, suggesting that the abolishment of 
uORF function is deleterious in all species.

Our study proposes an evolutionarily conserved pattern 
that enhances the ATF4 translation by uORFs upon stress or 
disease. While generalizing the concept of disease and stress 
which may share similar molecular mechanisms, our results 
also propose a novel angle to alleviate the stress response or 
diseases like NSCLC.
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