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PM2.5 promotes NSCLC carcinogenesis 
through translationally and transcriptionally 
activating DLAT‑mediated glycolysis 
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Abstract 

Background:  Airborne fine particulate matter (PM2.5) has been associated with lung cancer development and 
progression in never smokers. However, the molecular mechanisms underlying PM2.5-induced lung cancer remain 
largely unknown. The aim of this study was to explore the mechanisms by which PM2.5 regulated the carcinogenesis 
of non-small cell lung cancer (NSCLC).

Methods:  Paralleled ribosome sequencing (Ribo-seq) and RNA sequencing (RNA-seq) were performed to identify 
PM2.5-associated genes for further study. Quantitative real time-PCR (qRT-PCR), Western blot, and immunohistochem-
istry (IHC) were used to determine mRNA and protein expression levels in tissues and cells. The biological roles of 
PM2.5 and PM2.5-dysregulated gene were assessed by gain- and loss-of-function experiments, biochemical analyses, 
and Seahorse XF glycolysis stress assays. Human tissue microarray analysis and 18F-FDG PET/CT scans in patients with 
NSCLC were used to verify the experimental findings. Polysome fractionation experiments, chromatin immunoprecipi-
tation (ChIP), and dual-luciferase reporter assay were implemented to explore the molecular mechanisms.

Results:  We found that PM2.5 induced a translation shift towards glycolysis pathway genes and increased glycolysis 
metabolism, as evidenced by increased L-lactate and pyruvate concentrations or higher extracellular acidification 
rate (ECAR)  in vitro and in vivo. Particularly, PM2.5 enhanced the expression of glycolytic gene DLAT, which promoted 
glycolysis but suppressed acetyl-CoA production and enhanced the malignancy of NSCLC cells. Clinically, high expres-
sion of DLAT was positively associated with tumor size, poorer prognosis, and SUVmax values of 18F-FDG-PET/CT scans 
in patients with NSCLC. Mechanistically, PM2.5 activated eIF4E, consequently up-regulating the expression level of 
DLAT in polysomes. PM2.5 also stimulated transcription factor Sp1, which further augmented transcription activity of 
DLAT promoter.
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Background
The incidence of lung cancer in never-smokers (LCNS) 
has been rapidly increasing in recent decades, account-
ing for approximately 25% of lung cancer cases world-
wide [1, 2]. In fact, it has been recognized that lung 
cancer in smokers and never-smokers are two distinct 
entities, differing not only in epidemiology but also at the 
levels of molecular profiles and tumoral microenviron-
ments [3, 4]. Among the risk factors that contributed to 
the development of LCNS, PM2.5, the major air pollut-
ant worldwide, was considered as the major culprit [5, 
6]. For instance, studies from the 17 Prospective Euro-
pean Cohort have concluded that a 5 μg/m3 increment in 
annual exposure to PM2.5 was associated with increased 
hazard ratio of lung cancer incidence by 1.18 [7]. Simi-
larly, the incident rate ratio (IRR) per 10 μg/m3 increase 
in PM2.5 for lung cancer was 1.19 (95% CI: 1.09, 1.30) in 
the USA [8]. In consistent with these, a nationwide study 
in 295 Chinese counties has shown that an increase of 
10 μg/m3 exposure to PM2.5 would result in higher inci-
dence of lung cancer by 4.20% for males and 2.48% for 
females [9]. Furthermore, it has also been revealed that 
the increment in PM2.5 concentration was positively cor-
related with increase in mortality of lung cancer [10–12]. 
Indeed, outdoor PM2.5 pollution has been defined as a 
Group 1 human carcinogen by the International Agency 
for Research on Cancer (IARC) in 2013 [13]. Neverthe-
less, the molecular mechanisms by which PM2.5 induces 
lung cancer remain poorly understood.

Cancer is considered a disease that originates from 
overproduction of oncogenes and reduced amount of 
tumor suppressors [14]. To investigate genetic variances 
underlying PM2.5-induced pathological conditions, prior 
studies have focused primarily on the identification of 
differentially expressed mRNAs, based on the assump-
tion that mRNA changes must be accompanied by coor-
dinated changes in the protein. However, as the whole 
transcriptome includes large pools of mRNAs not under-
going active translation, only 40% of the variation in the 
protein expression can be explained by mRNA levels [15]. 
In fact, it has been shown that the correlation between 
mRNA transcripts and protein levels was generally 
poor [15, 16]; and that translation efficiency, rather than 
mRNA abundance, contributed most to the final protein 
amount [17]. Emerging evidence has also demonstrated 

that in the flow of genetic information, translation ini-
tiation is the rate limiting step for protein synthesis, and 
critical for the activity of oncogenes and tumor suppres-
sor genes [18]. As ribosome sequencing (Ribo-seq) can 
directly quantify the transcripts of ribosome-protected 
mRNAs, it has been proposed that Ribo-seq may provide 
a more accurate and complete picture of gene expres-
sion in addition to conventional RNA sequencing (RNA-
seq) [19]. Nevertheless, whether PM2.5 could contribute 
to the tumorigenesis of NSCLC through regulating the 
translational rate of ribosomes is unknown.

In this study, we present what to our knowledge is the 
first thorough analysis of transcriptional and translational 
landscapes in PM2.5-exposed cells. We found that PM2.5 
enhanced the translation efficiency of glycolysis pathway 
genes, with DLAT as the most over-translated one. We 
showed that DLAT increased glycolysis, promoted pro-
liferation, and suppressed apoptosis in NSCLC cells. Up-
regulation of DLAT was associated with poorer outcome 
in NSCLC patients. We verified that PM2.5 promoted 
glycolysis metabolism and DLAT expression in vitro and 
in vivo. We demonstrated that PM2.5 activated transcrip-
tion factor Sp1, which transcriptionally promoted the 
expression of DLAT. In addition, we revealed that PM2.5 
enhanced the expression of ribosomal eIF4E, which 
selectively up-regulated DLAT translation in polysomes. 
Overall, this research revealed a previously unidentified 
mechanism of PM2.5 for promoting glycolysis metabo-
lism and the malignancy of NSCLC, suggesting that 
DLAT-associated glycolysis pathway may be a promising 
target for NSCLC treatment.

Materials and methods
PM2.5 samples
Urban particulate matter samples SRM 1648a (encoded 
as PM2.5) were purchased from National Institute of 
Standards and Technology (NIST, MD, USA). The PM2.5 
was collected in an urban area and all constituents in 
SRM 1648a were naturally present in the material before 
processing (NIST Certificate of Analysis, 2020). SRM 
1648a includes 25 metals, 21 polycyclic aromatic hydro-
carbons (PAH), and 7 polychlorinated biphenyls (PCBs). 
As SRM 1648a has uniform constituents，it is usu-
ally used as a reference to estimate the impact of mixed 
PM2.5 on health damage and may also be used as the 

Conclusions:  This study demonstrated that PM2.5-activated overexpression of DLAT and enhancement in glycolysis 
metabolism contributed to the tumorigenesis of NSCLC, suggesting that DLAT-associated pathway may be a thera-
peutic target for NSCLC.
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reference material [20]. Before each test, PM2.5 was dis-
solved in phosphate buffer saline (PBS) for infusion and 
the samples were sonicated for 20 min before use in each 
experiment.

We determined the PM2.5 dosage for in  vitro experi-
ments on the basis of previous reports in PM-2.5-induced 
cytotoxicity and on our pilot cell viability experiments. 
BEAS-2B cells (the normal human bronchial epithelial 
cell line) were exposed to different levels of PM2.5 for 
24 h and the cell viability was tested by CCK-8 methods. 
No significant changes of cell viability were observed 
between cells exposed to PM2.5 (25, 50, 100, 200 μg/
mL, respectively) and control cells. When the concen-
tration of PM2.5 reached 400 μg/mL, the cell viability 
significantly (P < 0.001) decreased to approximately 50% 
(≈LC50) (Fig. S1). This effect dose was similar to reports 
in which the dose of SRM 1648a to reduce cell viability 
to 50% was about 500 μg/mL [21]. Considering that pre-
vious studies have also shown that the optimum doses 
of PM2.5 to induce apoptosis, inflammatory cytokine 
release, or DNA damage in cells were between 200 to 
500 μg/mL [22–26]. we chose 100  μg/mL, 200 μg/mL, 
and 400 μg/mL as the working doses of PM2.5 for in vitro 
experiments in the present study.

The doses of PM2.5 used for animal experiment were 
estimated according to the World Health Organization 
(WHO) air quality guidelines (WHO, 2006) and physi-
ological parameters of rats: The respiratory volume of an 
adult rat (200 g) is 0.86 mL at each breath and the breath 
rate is 85 times per min, and breathing quantity per day 
is 0.105 m3. According to the WHO annual mean con-
centration (target-1, 35 μg/m3), PM2.5 exposure level 
was calculated as 3.684 μg/per day. After multiplying by 
a 100-fold uncertainty factor, the exposure level of PM2.5 
was estimated to be 1.8 mg/kg body weight (bw)/per day. 
Using 1.8 mg/kg bw as the low-dose, a 3-fold (5.4 mg/kg 
bw) and a 9-fold (16.2 mg/kg bw) doses were considered 
as moderate- and high-dose, respectively [27, 28].

Clinical samples
This study was approved by the Medical Ethics Com-
mittee of Shenzhen University Health Science Center 
(Approved no. 2016002). Written informed consents 
were obtained from all participants. NSCLC subjects 
were recruited from patients who underwent surgi-
cal resection in the Department of Thoracic Surgery at 
People’s Hospital of Shenzhen, China (Supplementary 
Table S9). NSCLC was diagnosed according to the crite-
ria of Lung Cancer Stage Classification (The Eighth Edi-
tion) [29]. Tissue samples were collected in the operating 
room and the surgical specimens were fixed in formalin 
and embedded in paraffin before they were archived.

Immunohistochemistry (IHC) analysis
The paraffin-embedded tissue slides were deparaffinized 
and dehydrated in xylene and alcohol, and then incu-
bated with the primary antibodies against DLAT (Sigma, 
R38114) at 4 °C overnight and then with HPR-labelled 
secondary antibody (MaxVision TM HRP, 210908S407n) 
at 37 °C for 1 h. The 3,3-diaminobenzidine (DAB) solu-
tion was used for development of brown staining to 
identify the expression of DLAT. Images were observed 
and analyzed under microscope (Olympus) with Image J 
software.

Cell culture and transfection
BEAS-2B and human NSCLC cell lines (A549, and PC9) 
were ordered from Shanghai Institute for Biological Sci-
ence (Shanghai, China). Each cell lines were authenti-
cated by measuring the short-tandem repeat (STR) DNA 
profiles. No contamination of mycoplasma was found in 
these cell lines. A549, PC9, and BEAS-2B cells were cul-
tured in Dulbecco’s modified Eagle’s medium (Gibco, NY, 
USA) containing 10% fetal bovine serum (FBS, Gibco, 
NY, USA) in a humidified atmosphere with 5% CO2 at 
37 °C. For in  vitro PM2.5 exposure experiments, cells 
were treated with different concentrations of PM2.5 (0, 
200, 400 μg/ml) for 24–48 h.

Ribosome sequencing (Ribo‑seq)
A total of 1×107 BEAS-2B cells were lysed in polysome 
lysis buffer (20 mM Tris•Cl at pH 7.4, 150 mM NaCl, 
5 mM MgCl2, 1 mM DTT, 1% Triton X-100, Turbo DNase 
I 25 U/ml, 50 mg/mL cycloheximide). Then, cell lysate 
was treated with unspecific endoribonuclease RNase 
to digest the free RNAs other than ribosome-protected 
fragments (RPFs). Isolation of ribosome was performed 
by size-exclusion chromatography with MicroSpin S-400 
HR columns (GE Healthcare, USA). Recovered RPFs 
were then subjected to rRNA depletion kit to remove 
rRNA contamination. Small RNA (< 200 bp) was resolved 
by electrophoresis on a 15% (w/v) polyacrylamide gel 
(PAGE) with 7 M urea. The RPFs bands (~ 30 nt) were cut 
for RNA extraction, phosphorylated and ligated with 5′ 
and 3′ adapters, reverse transcribed and PCR amplified, 
respectively. Libraries were then sequenced on Illumina 
Novaseq platform using the PE150 (paired-end 150 nt) 
recipe. The sequencing reads were mapped to human 
genome database by TopHat2 software and then quanti-
fied by the HTSeq and DESeq2 R packages.

RNA‑seq
BEAS-2B cells from the same cultures used in the Ribo-
seq experiments were processed in parallel for RNA-
seq. Total RNA was isolated with TRIzol reagent and 
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RNA-seq libraries were prepared using the NEBNext® 
UltraTM RNA Library Prep Kit for Illumina® (NEB, USA) 
following manufacturer’s recommendations. Briefly, 
mRNA was purified from total RNA using the poly-T+ 
oligo-attached magnetic beads. RNA samples were frag-
mented and then used for first- and second-strand cDNA 
synthesis with random hexamer primers. The cDNA 
fragments were treated with DNA end repair kit and 
NEBNext adaptor was ligated at the 3′ end of the DNA 
fragments. The library fragments were purified with 
AMPure XP system (Beckman Coulter, Beverly, USA) 
and then subjected to PCR amplification. After cluster 
generation by the TruSeq PE Cluster Kit v3-cBot-HS 
(Illumia, USA), the library preparations were sequenced 
on an Illumina Novaseq platform (150 bp paired-end). 
Sequencing reads from RNA-seq were aligned to the 
reference genome (GRCh38) using Hisat2 v2.0.5. Fea-
ture Counts v1.5.0-p3 was used to count the reads num-
bers and gene expression levels were calculated by the 
Reads per kilobase of transcript, per millions mapped 
reads  (RPKM). Differential expression analysis was per-
formed using the DESeq2 R package (1.16.1).

TE calculation
The abundance of ribosome footprints of an mRNA 
depends on the translation rate and on the level of mRNA 
expression. Therefore, TE (translation efficiency) is com-
monly estimated as the ratio between RPF and expressed 
mRNA counts (mRNA) (TE = RPKM in Ribo-seq/RPKM 
in RNA-seq). Differences in TE between PM2.5-exposed 
and control samples were calculated using the Ribodiff 
software.

Animals and PM2.5 intratracheal instillation
4-week old male SD rats were purchased from Guang-
dong Experimental Animal Center (Foshan, China) and 
were housed in a pathogen-free environment with free 
access to food and water. After one-week adaption, rats 
were randomly divided into 4 groups (n = 5 per group): 
three experimental groups exposed to PM2.5 (1.8, 5.4, 
16.2 mg/kg body weight) [27] by intratracheal instillation 
every 3 days for 24 days (in total 8 times), and one con-
trol group received equal volume of saline (Fig. S5A). At 
the end of experiments, the rats were euthanized, and the 
lung tissue were isolated and stored at -80 °C for subse-
quent analyses. All animal experiments were performed 
in accordance with the protocols approved by the Animal 
Ethical Committee of Shenzhen University.

Immunohistochemical (IHC) staining of rat lung tissues
The lung tissue was fixed in 4% paraformaldehyde solu-
tion. After paraffin embedding, 4 μm sections were cut 
and stained with hematoxylin and eosin to reveal the 

pathology characteristics of lung tissue. The slides were 
treated with graded alcohols for rehydration, and with 
EDTA buffer for 10 min at 98 °C for antigen retrieval. 
Endogenous peroxidase activity was blocked with 3% 
hydrogen peroxide solution at room temperature for 
10 minutes. Nonspecific binding was prevented by block-
ing with normal goat serum at room temperature for 
30 minutes. Sections of lung tissue were incubated with 
primary antibodies against Ki-67 and Caspase3 (Protein-
tech, Wuhan, China) at 4 °C overnight. Tissue sections 
were then treated with secondary antibody (goat anti-
rabbit IgG H&L, HRP), stopped with freshly configured 
DAB solution, and counter-stained with hemetoxylin. 
The areas of positive staining were evaluated by ImageJ 
1.53a (National Institutes of Health, USA).

Quantification of lactate and pyruvate
For in vitro measurement of L-lactate and pyruvate lev-
els, 1 × 106 cells were seeded into each well of the six-well 
plate. Cells were treated with PM2.5, PBS, DLAT-over-
expression or NC vector, respectively. For tissue analy-
sis, 100 mg tissues were individually ground with liquid 
nitrogen, and the homogenate was resuspended with 
0.4 ml 0.86% saline water and thoroughly vortexed. The 
samples were then centrifuged at 3500 rpm/min at 4 °C 
for 15 min. Then the supernatants were collected for fur-
ther measurements. L-lactate and pyruvate levels in the 
cell cultured medium or in the supernatants of lung tis-
sue homogenates were quantified using the L-lactate 
assay kit (A019–2-1, Jiancheng Bioengineering Institute, 
Nanjing, China) and the pyruvate assay kit (A081–1-
1, Jiancheng Bioengineering Institute, Nanjing, China) 
according to the manufacturer’s instruction. The sample 
absorbance (530 nm for L-lactate and 505 nm for pyru-
vate) was detected using the Synergy HTX Multi-Mode 
Microplate Reader (BioTek, Guangzhou, China). All 
in vitro experiments were performed in triplicate.

Measurement of ECAR and OCR
The extracellular acidification rate (ECAR) and oxygen 
consumption rate (OCR) of cells were assessed using 
the Seahorse XFe24 Flux Analyzer (Seahorse Biosci-
ence, Agilent). The glycolytic stress test kit (Seahorse Cat. 
#103020–100) and mitochondrial stress test kit (Seahorse 
Cat. #103015–100) were used for ECAR and OCR detec-
tion, respectively. Briefly, 1 × 104 cells were seeded in the 
96-well XF Seahorse incubation plate as the protocol 
indicated. Cells were cultured at 37 °C in XF base medium 
(pH 7.4), and glucose (10 mM), glutamine (1 mM), 2-DG 
(50 mM) and oligomycin (1 μM) were added sequen-
tially into the plates at specific time points following the 
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manufacturer’s guidelines. Data of OCR and ECAR were 
measured and plotted using the Seahorse XF24 software.

Plasmid construction, siRNA, and cell transfection
DLAT overexpression plasmid and the empty negative 
control (NC) were constructed using the pcDNA3.1-GFP 
vectors, respectively. siRNAs targeting DLAT, eIF4E, and 
Sp1, and corresponding NCsequences were designed and 
synthesized by RiboBio Co., Ltd. (Guangzhou, China). 
Cells were transfected with plasmids, siRNAs, or NCs, 
respectively, using the Lipofectamine 2000 reagents 
(Invitrogen, Shanghai, China) according to the manu-
facturer’s protocol. All sequences of siRNAs are listed in 
Supplementary Table S10.

Cell viability assay
Cell proliferation rate was determined with Cell Count-
ing Kit-8 kit (Dojindo Molecular Technologies, Osaka, 
Japan) according to the manufacturer’s instructions. 
Briefly, cells were seeded into 96-well plates (3000 cells/
well) and transfected with plasmid, siRNAs, or their cor-
responding NCs. After incubation for 48 h, 10 μl CCK-8 
reagent was added to each well and then incubated for 
another 1 h. The absorbance at 450 nm was measured by 
a Synergy HTX Multi-Mode Microplate Reader (BioTek, 
Guangzhou, China). Each independent experiment was 
performed in triplicate.

Transwell assay
Cell invasion was evaluated by Matrigel-coated Tran-
swell chambers (Corning-Costar, NY, USA). Briefly, cells 
were incubated in the upper chamber of a 24-well Tran-
swell plate. After transfection for 48 h, 5 × 104 cells were 
seeded into the upper compartment, which contained 
RPMI1640 medium with 10% FBS. After 24 h incubation, 
non-invading cells were gently removed and the migrated 
cells were fixed with methanol followed by DAPI stain-
ing. The number of invaded cells was counted under light 
microscope (Nikon, ECLIPSE Ts2, Japan).

Apoptosis assay
Flow cytometric analysis was performed to analyze 
the percentage of apoptotic cells using the Annexin 
V-FITC cell apoptosis kits (BD Biosciences, CA, USA) 
according to the manufacturer’s protocol. In brief, 
cells were transfected with plasmids or NCs for 48 h, 
and then stained with Annexin V-fluorescein isothio-
cyante (FITC) and propidium iodide (PI). The apop-
totic rates of cells were determined by flow cytometer 
(Beckman Coulter, Inc., IN, USA) equipped with Cyt-
Expert software (version 2.3).

Western blotting
Total proteins were extracted from cells or tissues 
using RIPA lysis buffer (Promega, Madison, WI, USA). 
Proteins were separated on an 8% SDS-PAGE gel and 
then transferred to PVDF membranes. The membrane 
was blocked with 5% skim milk at room temperature 
for 1 h and then incubated with primary antibodies 
(anti-DLAT, 1:1000 dilution, Abcam, ab51608; anti-
SP1, ab101562, 1:1000 dilution, Abcam) at 4 °C 
overnight, followed by incubating with horseradish per-
oxidase (HRP) conjugated β-actin secondary antibodies 
(1:5000) at room temperature for 90 min. The protein 
bands were scanned and visualized by the GS700 imag-
ing densitometer (Bio-Rad Laboratories) and analyzed 
by Image Studio software.

Real‑time PCR
Total RNA was isolated using the TRIzol reagents (Life 
Technologies, Shanghai, China) according to the manu-
facturer’s instructions. 1 μg of total RNA was reverse-
transcribed into cDNA using the Yeasen cDNA kit 
(11121ES60, Shanghai, China). The transcript level of 
specific gene was amplified using the Yeasen qPCR kit 
(11201ES08) and was normalized to ACTB. The prim-
ers were synthesized by Riobio Co. (Guangzhou, China) 
and the sequences are listed in the Supplementary 
Table S10.

Human lung tissue microarray
A tissue microarray containing slides of 92 NSCLC 
tumor tissues and adjacent normal lung tissue was 
purchased from Outdo Biotech, (Shanghai, China; 
HLugA180Su04). The patients’ clinical records and 
histopathological diagnoses were fully documented. 
Survival times was calculated in months and defined 
as the time from operation time until death, or cen-
sored if no death was noted at follow-up date. The 
protein level of DLAT was determined by semi-quan-
titative IHC assay, using the anti-DLAT antibody 
(Sigma-Aldrich，HPA040786). The results of IHC were 
independently scored by two independent observers. 
The positive stained samples were scored as follows: 1, 
≤25% of positively stained cells; 2, > 25- ≤ 50% of posi-
tively stained cells; 3, > 50- ≤ 75% of positively stained 
cells; 4, ≥75% of positively stained cells. The intensity 
of staining was scored according to the following crite-
ria: 0, negative staining; 1, weak staining; 2, moderate 
staining; and 3, strong staining. The final staining index 
(SI) was calculated by multiplying the percentage score 
by the staining intensity score, with SI values ≥3 being 
defined as high expression and SI < 3 being considered 
as low expression.
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Polysomal mRNA isolation and qRT‑PCR
Isolation of ribosome-bound mRNA by poly-
some separation was performed as described previ-
ously with minor modifications. Briefly, A549 cells 
(1 × 107) were incubated in DMEM medium contain-
ing 100 μg/mLcycloheximide for 10 min at 37 °C. All 
subsequent steps contained 100 μg/mL cycloheximide. 
After centrifugation, resuspended cells were treated 
with trypsin at 37 °C for 3 min, then lysed by poly-
some extraction buffer (PEB; 20 mM Tris-HCl, pH 7.5, 
50 mM KCl; 10 mM MgCl2; 1 mM DTT; 100 μg/ml 
CHX; 200 μg/ml Heparin) containing 1% Triton-X100. 
After 30 min incubation on ice, lysates were centri-
fuged at 14,000 rpm for 30 min at 4 °C, and the result-
ing supernatant were collected and then loaded onto 
5–50% sucrose density gradients. Gradients were then 
centrifuged at 38000 rpm for 120 min in an Optima 
L-100XP rotor (Beckman Coulter) using equal OD260 
units of samples. Thirteen fractions of equal volume 
were collected, and their absorbances were measured. 
For technical reasons, fractions 1–3, 4–6, 7–9, 10–11, 
and 12–13 were pooled together as 1, 2, 3, 4, 5 com-
bined fractions, respectively [30]. Messenger RNAs of 
1 or 2 pooled fractions were light weight fraction (frac-
tions 1–6) and mRNAs from 3, 4, 5 pooled fractions 
were heavy weight fraction (fractions 7–13). RNA was 
extracted from equal volume of the five combined frac-
tions using TRIzol reagents (Life Technologies, Shang-
hai, China), reversely transcribed to cDNA using the 
PrimeScriptTM RT reagent Kit (Takara, Beijing, China) 
and amplified by qTR-PCR analysis using the TB Green 
Premix Ex TaqTM II kit (Takara, Beijing, China).

Chromatin immunoprecipitation (ChIP) assay
The Sp1-binding sites surrounding DLAT promoter 
region were predicted using the JASPAR tools (http://​
jaspar.​gener​eg.​net/). Primers were designed to amplify 
the predicted binding sequences of DLAT promoter 
regions (Supplementary Table  S10). In brief, the A549 
cells were crosslinked with 1% formaldehyde (final con-
centration) and lysed with ChIP Lysis Buffer at 37 °C 
for 10 min. Chromatin was sonicated into 200 ~ 1000 bp 
fragments. The lysates were then incubated and pre-
cipitated with antibodies against the Sp1 antibody 
(mAb #9389) or control IgG (CST，9389S), after which 
DNA-protein immunocomplexes were collected, using 
the PierceTM protein A/G-agarose beads (Thermo 
Fisher Scientific, Shanghai, China), and treated with 
RNase A (Sigma) and proteinase K (Sigma). The pre-
cipitated chromatin DNA was recovered and analyzed 
by qRT-PCR.

Dual luciferase reporter assay
To test the transcriptional influence of Sp1 on the DLAT 
promoter, wild-type and mutant DLAT promoter frag-
ments containing the Sp1 binding site were cloned into 
the dual-luciferase reporter pGL3-basic, respectively. Sp1 
was cloned into the pcDNA3.1 vector using the restric-
tion enzymes EcoRI and XhoI. HEK293T cells were cul-
tured at a density of 2 × 104 cells/well in 96-well culture 
plates and were incubated overnight. On the next day, 
the cells were co-transfected with pGL3-basic-DLAT-
WT and Sp1-pcDNA3.1, pGL3-basic-DLAT-MUT and 
Sp1-pcDNA3.1, or corresponding control vectors, and 
the internal control vector pRL-TK (Promega, Madison, 
WI), respectively, using LipofectamineTM 2000 (Invitro-
gen, Carlsbad, CA) according to instruction of the manu-
facturer. After 48 h post-transfection, luciferase activity 
was measured using the Dual Luciferase Reporter Gene 
Assay (Beyotime, Shanghai, China) on a Chemilumines-
cence analyzer (ZS/BK-L96C, Beijing, China). All vector 
constructs were verified by DNA sequencing. The primer 
sequences for the constructs are listed in Supplementary 
Table S10. At least three independent transfection exper-
iments were carried out for each condition.

In silico analyses
The gene sequences of DLAT (NM_001372031.1), FOXM1 
(NM_001243088.2), GAPDH (NM_001256799.3), β-actin 
(NM_001101.5), MYC (NM_001354870.1), Cyclin D1 
(NM_053056.3) were retrieved from the NCBI database 
(https://​www.​ncbi.​nlm.​nih.​gov/​gene/). The minimum free 
energies of 5′-UTRs of these genes and their correspond-
ing secondary structures were predicted in silico using 
the online RNAfold software (http://​rna.​tbi.​univie.​ac.​
at/​cgi-​bin/​RNAfo​ld.​cgi). The associations of overall sur-
vival (OS) and relapse free survival (RFS) with the expres-
sion levels of eIF4E, Sp1, and DLAT mRNA in NSCLC 
patients were analyzed by the online tool KM Plotter 
(https://​kmplot.​com), using median as the cutoff values 
in the TCGA dataset. Gene and protein expression lev-
els of eIF4E, Sp1, and DLAT in tumor and normal tissues 
were analyzed using the TCGA dataset with the online 
analyzers (http://​gepia.​cancer-​pku.​cn/; http://​ualcan.​
path.​uab.​edu/).

Statistical analysis
Data are expressed as the means ± SD from at least 
three independent experiments. Statistical analyses were 
performed using SAS 9.4 software (SAS Institute, USA) 
and Graph Pad Prism 6 (Graph Pad, USA). Comparison 
between groups was conducted using Student’s t-test 
(for parametric data) or the Mann–Whitney test (for 
non-parametric data). The associations between DLAT 

http://jaspar.genereg.net/
http://jaspar.genereg.net/
https://www.ncbi.nlm.nih.gov/gene/
http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi
http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi
https://kmplot.com
http://gepia.cancer-pku.cn/
http://ualcan.path.uab.edu/
http://ualcan.path.uab.edu/
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expression levels and overall survivals of NSCLC patients 
were estimated by Kaplan-Meier method and analyzed by 
the log-rank test. Univariate and multivariate Cox pro-
portional hazards models were performed to identify the 
factors that had a significant effect on survival outcome. 
P-value (two-sided) < 0.05 was considered statistically 
significant.

Results
PM2.5 causes distinct translational and transcriptional 
changes
To identify the differentially expressed (DE) genes in 
transcription and translation in response to PM2.5 expo-
sure, human normal bronchial epithelial cells (BEAS-2B) 
were treated with PM2.5 and phosphate-buffered saline 
(PBS), respectively. Parallel RNA-seq and Ribo-seq were 
carried out to contrast genome-wide transcriptional and 
translational differences between cells with and with-
out PM2.5 exposure (Fig.  1A). Overall, RNA-seq and 
Ribo-seq reads were highly reproducible across three 
biological replicates (Fig.  S2A). Notably, the length dis-
tributions of Ribo-seq libraries in PM2.5-exposed cells 
were different from that of control cells (Fig. S2B), sug-
gesting that PM2.5 induced significant translation altera-
tions. Furthermore, Ribo-seq reads were presented the 
expected length and triplet periodicity (Fig.  S2C), and 
were mostly mapped to annotated protein-coding genes 
(Fig.  S2D). In particular,we identified 405 DE-genes in 
RNA-seq (Fig. 1B, Fig. S3A), 3501 DE-genes in Ribo-seq 
(Fig.  1C, Fig.  S3B), and 3697 DE-genes with changes in 
translation efficiency (TE) (Fig.  1D, Fig.  S3C), indicat-
ing that the molecular responses to PM2.5 were more 
governed by translation than by transcription. Besides, 
it is also striking to observe extensive reduction in tran-
script level across the genome following PM2.5 expo-
sure, and, conversely, a more pronounced increase in 
ribosome-associated transcripts following exposure to 
PM2.5 (Fig.  S3D-F). Nevertheless, there was very little 

correlation or overlap between the DE-genes of tran-
scriptome and that of translatome (Fig. 1E-F).

PM2.5 induces translation efficiency shift 
towards glycolysis pathway
We next examined the functional implications of DE-
genes between PM2.5-exposed and control cells. Path-
way analysis revealed that transcriptionally DE-genes 
in PM2.5-exposed cells were enriched in cancer- and 
metabolism-related pathways (Fig.  1G). While the 
enrichment of translationally DE-genes showed a shift 
towards glucose metabolism-related pathways (Fig. 1H). 
When analysis was confined in DE-genes with changes 
in TE, the glycolysis/gluconeogenesis was the only sig-
nificantly enriched pathway (Fig. 1I). Among the top DE-
glycolytic genes regulated by PM2.5, DLAT displayed the 
highest fold change in TE and smallest P-value between 
PM2.5-exposed and control cells (Fig.  1 J-K). Similarly, 
gene set enrichment analysis (GSEA) showed that the 
glycolysis/gluconeogenesis and pyruvate metabolism 
pathway genes were significantly up-regulated in PM2.5-
exposed cells, with DLAT ranking as the top gene in 
these pathways (Fig.  1 L-N). Since molecular responses 
in PM2.5-exposed cells were more remarkable in trans-
latome than in transcriptome; and translation efficiency, 
rather than mRNA abundance, contributed most to the 
final protein amount [17], we hypothesized that transla-
tional alterations in glycolysis pathway may be critical for 
PM2.5-induced pathogenesis. To test this hypothesis, we 
examined the impacts of PM2.5 on glycolysis metabolism 
in vitro and in vivo.

PM2.5 promotes glycolysis, but not mitochondrial 
respiration, in vitro and in vivo
We stimulated BEAS-2B and NSCLC cells with PM2.5. 
We found that PM2.5 exposure induced glycolytic repro-
graming in the cells, as evidenced by increased pro-
duction of L-lactate and pyruvate, the end products of 
glycolysis metabolism, in a dose-dependent manner 

(See figure on next page.)
Fig. 1  PM2.5 induces a translation efficiency (TE) shift towards up-regulation of glycolysis pathway genes. A Overview of experiments for RNA-seq 
and Ribo-seq in BEAS-2B cells following PM2.5 exposure. B Volcano map of differentially expressed genes (DEGs)in RNA-seq. Red and blue dots 
represent the upregulated and downregulated genes, respectively (FDR<0.05; |Log2(fold change)| >1). C Volcano plot of DEGs in Ribo-seq. D 
Volcano plot showing genes with significant changes in TE. E Genome-wide transcriptional and translational regulations showed very little 
correlation. F The four-way Venn diagram represented the different subsets of genes that are significantly upregulated or down-regulated at the TE 
and transcription levels. G KEGG pathway analysis of DEGs in transcriptome (RNA-seq). H Pathway analyses on DEGs in translatome revealed a shift 
towards glycolysis-related pathways. I Glycolysis/gluconeogenesis pathway was the only significantly enriched pathway in genes with TE changes. 
J Heatmap of DEGs in TE in the “Glycolysis/gluconeogenesis pathway”. K Fold change of TE for glycolytic genes between PM2.5-exposed cells and 
control cells. L Gene set enrichment analysis (GSEA) of Ribo-seq data showing the enrichment of glycolysis/gluconeogenesis pathway (upper) and 
the gene signature (lower) in PM2.5-exposed cells, with DLAT as the top up-regulated gene. M GSEA of Ribo-seq data revealing the enrichment of 
pyruvate metabolism pathway (upper) and the gene set in PM2.5-exposed cells, with DLAT ranking as the top gene. NES, normalized enrichment 
score
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Fig. 1  (See legend on previous page.)
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(Fig.  2A-F). When cells were co-incubated with PM2.5 
and glycolysis inhibitor 2-DG (2-Deoxy-D-glucose), the 
generations of both L-lactate and pyruvate from these 
cells were significantly decreased (Fig. 2A, D). The ECAR 

assay revealed that PM2.5 significantly promoted cell 
ECAR levels, including glycolysis under basal condi-
tions, glycolytic capacity, and compensatory glycolysis 
(Fig.  2G), confirming the impact of PM2.5 on glycolysis 

Fig. 2  PM2.5 enhances glycolysis metabolism in vitro and in vivo. A PM2.5 enhanced L-lactate production in BEAS-2B cells, while 2-DG 
pretreatment reduced the generation of lactate in PM2.5-treated cells. B PM2.5 augmented L-lactate release from A549 cells in a dose response 
manner. C PM2.5 enhanced L-lactate production in PC9 cells. D PM2.5 increased pyruvate generation in BEAS-2B cells, and 2-DG pretreatment 
decreased pyruvate production in PM2.5-treated cells. E PM2.5 up-regulated pyruvate levels in A549 cells. F PM2.5 increased pyruvate levels in 
PC9 cells. G PM2.5 promoted ECAR levels in BEAS-2B cells. H PM2.5 exposure enhanced the production of L-lactate in lung issues of rats. I PM2.5 
exposure promoted the generation of pyruvate in lung issues of rats. *P < 0.05, **P < 0.01, ***P < 0.001
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metabolism. To assess the in vivo effect of PM2.5 on gly-
colysis, SD rats were intratracheally instilled with PM2.5 
for 4 weeks (Fig. S5A). It was found that PM2.5 induced 
higher expression of Ki67 and γH2AX, markers of cell 
proliferation and carcinogenesis, in lung tissue of rats 
in dose-response manners (Fig.  S5B, S5D, S5F), con-
firming that PM2.5 samples in this study has oncogenic 
functions. PM2.5 also repressed the expression levels of 
caspase-3, marker of cell apoptosis (Fig. S5C, S5E). Fur-
thermore, the concentrations of L-lactate and pyruvate 
in lung tissues of PM2.5-exposed rats were higher than 
those in control rats (Fig.  2H-I). These results establish 
that PM2.5 could drive glycolysis reprograming in  vitro 
and in vivo.

Acetyl-CoA is the central metabolic node connecting 
glycolysis and TCA cycle, deriving mainly from the oxi-
dation of pyruvate and the β-oxidation of free fatty acids 
(FFA) and finally enters into TCA cycle [31]. To examine 
whether PM2.5 may influence TCA cycle, we quantified 
acetyl-CoA levels in PM2.5-exposed cells and lung tis-
sues of rats and compared them with control samples. 

Unexpectedly, we found that PM2.5 exposure significantly 
reduced acetyl-CoA levels in BEAS-2B, NSCLC cells, and 
in lung tissues of rats (Fig.  S6-A-D). Furthermore, OCR 
analyses showed that even though PM2.5 could inhibit 
acetyl-CoA production, OCR levels in PM2.5-exposed 
cells were not significantly different from that of control 
cells (Fig.  S6E-G), suggesting that PM2.5 had no signifi-
cant influence on TCA-cycle metabolism. Future experi-
ments are needed to determine whether there is other 
compensatory pathway, under the condition of decreased 
acetyl-CoA, to maintain TCA cycle homeostasis following 
PM2.5 exposure.

PM2.5 augments the expression of glycolytic gene DLAT 
in vitro and in vivo
Since DLAT was the top DE-glycolytic gene in transla-
tion regulated by PM2.5, we further conducted in  vitro 
and in  vivo experiments to investigate the impact of 
PM2.5 on DLAT expression. Both qRT-PCR and west-
ern blot assays consistently showed that PM2.5 exposure 

Fig. 3  PM2.5 increases the expression of glycolytic gene DALT in vitro and in vivo. A PM2.5 exposure enhanced the expression level of DLAT gene in 
BEAS-2B cells. B PM2.5 inhalation up-regulated DLAT gene expression in lung tissues of rats. C PM2.5 exposure promoted DLAT protein expression 
in BEAS-2B cells. Numerical numbers denoted the ratio of integrated optical density (IOD) to β-actin. D PM2.5 exposure increased DLAT protein 
expression in lungs of rats. *P < 0.05, **P < 0.01
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could promote the expression levels of DLAT in a dose-
response fashion in BEAS-2B cells (Fig. 3A, C). In agree-
ment with these, in vivo analysis showed that inhalation 
of PM2.5 led to elevated expression of DLAT gene and 
protein in lung tissues of rats (Fig. 3B, D). Thus, our anal-
yses point to DLAT as the primary target gene of PM2.5 
exposure.

DLAT increases glycolysis metabolism in NSCLC cells
To determine whether alterations of DLAT expression 
may affect glycolysis metabolism, DLAT-overexpression 

plasmids and siRNA against DLAT were transfected into 
In NSCLC cells (A549, PC9), respectively. The results 
showed that DLAT overexpression increased the extra-
cellular levels of L-lactate and pyruvate in the medium 
of cell cultures (Fig.  4A-D). Conversely, knockdown of 
DLAT reduced the release of L-lactate and pyruvate from 
both PC9 and A549 cells (Fig. 4E-H). Moreover, the gly-
colytic stress test indicated that up-regulation of DLAT 
increased the ECAR levels, such as glycolysis under basal 
conditions, glycolytic capacity, and glycolysis reserva-
tion (Fig.  4I-J). Interestingly, overexpression of DLAT 

Fig. 4  DLAT enhances glycolysis metabolism in NSCLC cells. A DLAT overexpression increased L-lactate production in PC9 cells. B DLAT 
up-regulation enhanced L-lactate production in A549 cells. C DLAT overexpression increased pyruvate release from PC9 cells. D Up-regulation of 
DLAT promoted pyruvate release from A549 cells. E Knockdown of DLAT suppressed L-lactate generation from PC9 cells. F Down-regulation of 
DLAT inhibited L-lactate generation from A549 cells. G Inhibition of DLAT expression decreased pyruvate production in PC9 cells. H Decreased 
DLAT expression reduced pyruvate production in A549 cells. I Overexpression of DLAT enhanced ECAR levels in PC9 cells. J Up-regulation of DLAT 
increased ECAR levels in A549 cells. *P < 0.05, **P < 0.01
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significantly repressed the production of acetyl-CoA 
from PC9 and A549 cells (Fig. S6C-D). But up-regulation 
of DLAT did not affect the OCR levels of PC9 and A549 
cells (Fig. S6F-G). Taken together, these data suggest that 
PM2.5 accelerate the glycolysis metabolism of NSCLC 
cells through activating the expression of DLAT.

DLAT promotes the malignancy of NSCLC cells
We further explored the biological significance of DLAT 
in NSCLC. We transfected DLAT-overexpression plas-
mids or empty vectors into A549 and PC9 cells and the 
expression of DLAT was confirmed by RT-PCR assays 
(Fig. S4A-D). We then performed CCK8 assays to assess 
the effect of DLAT on NSCLC cell growth. We found that 
higher expression of DLAT significantly increased cell 
viability in both A549 and PC9 cells (Fig.  5A-B). While 
knockdown of DLAT with si-RNA led to decreased cell 
proliferation in A549 and PC9 cells (Fig.  5C-D). These 
observations suggested that DLAT may function as an 
oncogene in NSCLC.

To investigate whether DLAT may enhance NSCLC cell 
growth by influencing apoptosis, we conducted apoptosis 
assay by flow cytometry. As shown in Fig. 5E-F, both early 
and late apoptotic cell populations were significantly 
decreased in A549 and PC9 cells with over-expressing 
DLAT (all P values < 0.001) compared with control cells 
(Fig.  5E-F). In contrast, knockdown of DLAT signifi-
cantly increased the rate of apoptotic cells (Fig.  5G-H). 
Together, these data indicate that up-regulation of DLAT 
inhibits NSCLC cell apoptosis.

Up‑regulation of DLAT is associated with SUVmax 
values of PET/CT scan and poorer prognosis in patients 
with NSCLC
To assess the clinical relevance of DLAT expression 
in patients with NSCLC, we analyzed the relationship 
between DLAT protein expression levels in NSCLC 
tumor tissues and the SUVmax value, a marker of tumor 
glycolysis metabolism detected by PET/CT (18F-FDG, 
18F-fluorodeoxyglucose) scan, in patients with NSCLC 
(Supplementary Table  S9). The results showed that 

tumors with high DLAT expression (IHC staining) exhib-
ited higher SUVmax values than tumors with low DLAT 
expression (Fig.  5I). The expression levels of DLAT in 
tumors were positively correlated with the SUVmax val-
ues (Fig.  5 J). Furthermore, the SUVmax values were 
significantly higher in patients whose tissue samples 
exhibited a higher intensity of DLAT staining (Fig. 5 K). 
Together, these results indicated that DLAT expression 
levels are associated with18F-FDG uptake in NSCLC.

To evaluate the clinical significance of DLAT expres-
sion with the outcome in patients with NSCLC, we 
performed immunohistochemistry (IHC) assay on tissue-
microarray (TMA) using tissue samples from NSCLC 
patients. We found that the DLAT expression scores of 
tumor tissue were significantly higher than that in adja-
cent normal tissues and significantly related to tumor 
grade: tumors with higher grades had higher expres-
sion levels of DLAT (Fig. 5 L). Fig. 5 M showed the rep-
resentative images of the IHC results, indicating that 
DLAT expression was up-regulated in cancer tissues 
compared with adjacent normal lung tissues. Using the 
median score as the cutoff, we found that higher DLAT 
expression in NSCLC was significantly associated with 
lower overall survival in patients with NSCLC (Fig. 5 N). 
Finally, Cox proportional hazards analysis also revealed 
that higher DLAT expression level was independently 
associated with reduced survival of NSCLC patients 
(P = 0.017). In support of this, analyses in TCGA data-
set also showed that DLAT was up-regulated in NSCLC 
and other types of cancers and was associated with worse 
survival outcomes of NSCLC patients (Fig. S7A-F). Thus, 
the dichotomized value of DLAT expression is an inde-
pendent predictor for prognosis of NSCLC patients.

PM2.5 enhances the expression of eIF4E which increases 
the translation of DLAT in polysomes
It has been known that most mRNAs in eukaryotic cells 
employ a cap-dependent mechanism to initiate transla-
tion [32], during which the 5′ end of mRNAs is modi-
fied with a m7Gppp cap structure that is recognized by 
the eukaryotic translation initiation factor 4 (eIF4E) [33]. 

(See figure on next page.)
Fig. 5  DLAT promotes the malignancy of NSCLC cells and correlates with glucose metabolism and poor prognosis in NSCLC patients. A, B 
Overexpression of DLAT promoted cell proliferation of NSCLC cells. C, D Knockdown of DLAT suppressed cell proliferation of A549 and PC9 
cells. E, F Up-regulation of DLAT reduced apoptosis rate of PC9 and A549 cells. G, H Depletion of DLAT increased apoptosis rate of NSCLC cells. 
I Representative 18F-FDG PET/CT images in patients with NSCLC tumors exhibiting low or high expression of DLAT. J The expression levels (% of 
positive cells) of DLAT in tumor tissues were positively correlated with the SUVmax values in patients with NSCLC. K Analysis of SUVmax in the 
DLAT low and DLAT high groups. L DLAT expression levels in NSCLC tumor tissues increased as NSCLC progressed to more advanced stages. M 
Representative pictures showing that IHC signals of DLAT (brown staining) was increased along with the tumor stages of NSCLC. N Kaplan-Meier 
analysis showed that elevated expression of DLAT was associated with poorer overall survival (OS) in NSCLC patients. Data shown are mean ± SD. *P 
< 0.05, **P < 0.01, ***P < 0.001
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Fig. 5  (See legend on previous page.)
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eIF4E binds to the mRNA 5′ cap and stimulates the trans-
lation of a subset of mRNAs (“eIF4E-sensitive”) [34]. 
While mRNAs that have short and structured 5’UTRs 
are usually not eIF4E-sensitive and often encode for 
housekeeping genes such as GAPDH and β-actin [35]. To 
evaluate whether DLAT mRNA was eIF4E-sensitive, we 
analyzed the secondary structure and the 5’UTR length 

of DLAT, using the NCBI database and the RNAfold 
web server. It was found that the length of DLAT 5’UTR 
is 644 base pair (bp), which is much longer than that of 
GAPDH (102 bp) and β-actin (84 bp). Moreover, that the 
5’UTR of DLAT was fold into a more complex and stable 
secondary structure featured by multiple hydrogen bond-
ing between paired bases, compared with that of GAPDH 

Fig. 6  PM2.5 activates the expression of eIF4E that subsequently increases the translation of DLAT in polysomes. A PM2.5 enhanced eIF4E gene 
expression in BEAS-2B cells in a dose-response manner. B PM2.5 increased eIF4E gene expression in lung tissues of rats. C PM2.5 up-regulated 
eIF4E protein expression in BEAS-2B cells. D PM2.5 increased eIF4E protein expression in lung tissues of rats. E Up-regulation of eIF4E increased the 
expression of DLAT protein and knockdown of eIF4E decreased DLAT protein expression. F The expression level of eIF4E was positively correlated 
with that of DLAT in LUAD tumor tissues (TCGA datasets). G Correlation between eIF4E and DLAT expression levels in LUSC (TCGA datasets). H 
Overexpression of eIF4E increased the polysome to monosome (P/M) ratio of DLAT mRNA expression, suggesting an increase of DLAT translation 
initiation. I Up-regulation of eIF4E increased the abundance of DLAT mRNA in polysome but reduced DLAT expression in monosome in A549 cells. 
J Knockdown of eIF4E decreased the polysome to monosome ratio of DLAT mRNA expression, indicating a reduction of DLAT translation initiation. 
K Downregulation of eIF4E decreased the abundance of DLAT mRNA in polysome but enhanced DLAT expression in monosome in A549 cells. 
*P<0.05, **P<0.01
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and β-actin (Fig.  S8E). In addition, the minimum free 
energy level of the 5’UTR of DLAT (− 235.60 kcal/
mol) was much higher than that of GAPDH and β-actin 
(− 42.32 and − 15.92 kcal/mol respectively), and similar 
to that of eIF4E-sensitive mRNAs such as MYC and cyc-
lin D1 (Fig. S8A-E). Thus, it is likely that the translation 
of DLAT was sensitive to eIF4E expression levels in the 
cell.

To investigate whether PM2.5 promotes an eIF4E-
mediated DLAT translation, we firstly assessed the 
impact of PM2.5 exposure on eIF4E expression. It turned 
out that PM2.5 significantly elevated the expression 
of both eIF4E gene and protein (Fig.  6A-D). We next 
sought to determine whether DLAT translation was 
eIF4E-dependent. We found that up-regulation of eIF4E 
increased DLAT expression, while knockdown of eIF4E 
decreased DLAT expression in A549 cells (Fig. 6E). Simi-
larly, analyses of TCGA dataset also indicated that eIF4E 
expression levels were positively correlated with that of 
DLAT in NSCLC tumor tissues (Fig. 6F-G). By compar-
ing the expression levels of eIF4E and DLAT in mono-
some and polysome fractions in eIF4E-overexpression 
and eIF4E-knockdown cells, we found that overexpres-
sion of eIF4E increased the expression levels of DLAT 
in the heavy fraction of polysomes while knockdown of 
eIF4E resulted in decreased DLAT signals in the heavy 
fraction of polysomes (Fig. 6I). Importantly, overexpres-
sion of eIF4E induced an increased polysome to mono-
some expression ratio of DLAT, indicating an increase 
in translation initiation of DLAT (Fig.  6H). In con-
trast, down-regulation of eIF4E significantly decreased 
translation initiation, as evidenced by reduced poly-
some to monosome expression ratio of DLAT (Fig.  6 J), 
and increasing expression of DLAT in monosomes and 
decreasing expression of DLAT in polysomes (Fig.  6 K). 
Thus, our data provided evidence that PM2.5-induced 
up-regulation of eIF4E could account for the increased 
DLAT protein being translated.

PM2.5 activates the expression of transcription factor Sp1 
that up‑regulates DLAT transcription
As previous studies indicated that the expressions of 
several glycolytic genes were regulated by transcription 
factors (TF), we wondered whether DLAT expression 
could also be modified by transcription factor. Using 
the JASPAR database and its algorithms, we found that 
there were several putative binding sites in the promoter 
of DLAT for transcription factor Sp1 (Fig. 7A), suggest-
ing that transcription of DLAT may be modified by Sp1.
We then exposed BEAS-2B cells to PM2.5 and found 
that PM2.5 enhanced Sp1 expression in a dose-response 
manner (Fig.  7B). PM2.5 exposure also enhanced the 
expression of Sp1 mRNA and proteins in lung tissues 

of rats (Fig.  7C-D). Moreover, bioinformatics analysis 
showed that Sp1 expression levels were positively corre-
lated with that of DLAT in tumor tissues in TCGA data 
set (Fig. 7E-F). We confirmed the binding of DLAT pro-
moter with Sp1 by ChIP-PCR assay (Fig.  7G). We then 
constructed luciferase reporter vectors containing wild-
type or mutated DLAT promoter sequences to assess the 
functional effect of Sp1 on DLAT transcription (Fig. 7H). 
Co-transfection of Sp1 vector with the wild-type DLAT 
promoter construct resulted in significantly higher lucif-
erase activity than that of control vectors, while co-cul-
ture of mutated DLAT promoter vector with Sp1 plasmid 
did not influence the luciferase activity of DLAT pro-
moter (Fig. 7I). These results indicated that DLAT was a 
direct transcriptional target of Sp1.

Discussion
Aerobic glycolysis, also known as Warburg effect, has 
been recognized as a hallmark of cancer progression and 
metastasis [36]. However, whether higher rate of glycoly-
sis is a cause or consequence of carcinogenesis remains 
to be elucidated [37]. Most prior studies in cancer-associ-
ated glycolysis have focused on the contribution of War-
burg effect on proliferation and metastasis [38], but little 
is known about its roles in carcinogen-induced tumo-
rigenesis. Although a previous study demonstrated that 
carcinogen arsenite enhanced glycolytic gene expres-
sion and suppressed the expression of TCA cycle-related 
genes in liver cells [39], there is limited direct evidence 
existent to support primary causal role of glycolysis in 
carcinogen exposure-associated carcinogenesis. In this 
study, we showed that PM2.5 promoted the glycolysis 
phenotypes but inhibited TCA metabolism. In contrast, 
treatment of PM2.5 with glycolysis inhibitor 2-DG dimin-
ished the levels of PM2.5-induced glycolysis. Thus, our 
study provides evidence suggesting that PM2.5-enhanced 
glycolysis reprogramming may be causally involved in 
PM2.5-induced carcinogenesis.

Integration analysis of RNA-seq and Ribo-seq data 
revealed that PM2.5-induced transcriptome profile was 
poorly correlated with that of translatome. This observa-
tion was in line with other reports in which gene expres-
sion profiles shared little similarity with translatome 
patterns when cells encountered extracellular stimuli [40, 
41]. However, when DE-genes were analyzed at transla-
tion levels, we found that PM2.5 preferentially induced a 
translation efficiency shift towards glucose metabolism 
pathways, especially glycolysis-related pathways. Our 
findings support the notion of translational reprogram-
ming, in which cells selectively activate translation of 
certain mRNAs in response to stress [42]. Such “adaptive 
translation” allows a cell to orchestrate rapid changes in 
protein synthesis and tailor newly synthesized proteins 
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Fig. 7  PM2.5 activates the expression of transcription factor Sp1 which enhances the transcription of DLAT. A PM2.5 promoted Sp1 expression 
in a dose-response manner in BEAS-2B cells. B PM2.5 enhanced the expression of Sp1 in lung tissues of rats. C PM2.5 increased the expression of 
Sp1 protein in lung tissues of rats. D, E The expression level of Sp1 was positively correlated with that of DLAT in LUAD (lung adenocarcinoma) 
and LUSC (lung squamous carcinoma) in TCGA dataset. F In silico analysis identified Sp1 putative binding sites in the promoter region of DLAT. 
G ChIP assay showed the binding of Sp1 with DLAT promoter region. H Potential binding sequences for Sp1 were found in the DLAT promoter 
region. I Luciferase reporter assay verified that the binding of Sp1 with wild-type DLAT promoter significantly increased the luciferase activity. While 
binding of Sp1 with mutant DLAT promoter did not changes the intensity of luciferase signals. J Schematic view for the mechanisms of action of 
DLAT-mediated glycolysis reprograming in PM2.5-induced carcinogenesis. *P<0.05, **P<0.01, ***P<0.001.
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to ensure cell survival and to modify tumor cell behavior 
such as invasion and metastasis [43]. In general, selec-
tive translation modulates stress response and various 
human disease phenotypes [44]. In particular, selective 
translation of oncogenic mRNAs can promote cancer 
cell proliferation, metastasis and tumor expansion [18]. 
For example, the capacity of oncogenic signaling to 
enhance cell proliferation is directly associated with the 
induction of replicative stress and genomic instability 
during early stages of tumorigenesis [45]. How specific 
subsets of mRNAs are selectively translated in response 
to each stress is not well understood but may be associ-
ated with the secondary structure of a given mRNA [46]. 
eIF4E is the translation initiation factor and is rate limit-
ing for transcription initiation. Prior studies have shown 
that over-expression of eIF4E facilitates the translation 
of mRNAs with long 5’UTR [47]. Up-regulation of the 
abundance and activity of eIF4E occurs widely in can-
cers and selectively up-regulates translation of certain 
mRNAs involved in survival, proliferation, and metas-
tasis [48]. Indeed, 5’UTR structures in several onco-
genic mRNAs have been associated with translation in 
an eIF4E dependent manner [18]. Importantly, these 
mRNAs typically display a greater requirement for eIF4E, 
often a result of increased secondary structure close to 
the cap [49]. Here, we discovered that PM2.5 enhanced 
the expression levels of eIF4E and DLAT. Bioinformatics 
analysis showed that the secondary structure of DLAT 
mRNA was eIF4E-sensitive. We also found that expres-
sion levels of ribosomal eIF4E was positively correlated 
with that of ribosomal DLAT. In particular, up-regulation 
of ribosomal eIF4E increased the polysome/monosome 
ratio of DLAT expression, indicating increased trans-
lation of DLAT. Our study therefore uncovers a novel 
mechanism that PM2.5 up-regulates glycolysis through 
eIF4E-mediated selective translation of DLAT.

Pyruvate, catalyzed by the pyruvate dehydrogenase 
complex (PDC), is a key glycolytic metabolite that could 
either be reductively metabolized into lactate for glycoly-
sis or be oxidatively converted into acetyl-CoA for TCA 
cycle. The human PDC is consisting of three catalytic 
subunits: pyruvate dehydrogenase (E1), dihydrolipoyl 
transacetylase (E2, DLAT), dihydrolipoyl dehydrogenase 
(E3), and one structural subunit (E3-binding protein, 
E3BP). E1 and E2 generate acetyl-coenzyme A, whereas 
the E3 performs redox recycling [50]. As the subunit E2 
of PDC, DLAT was previously considered to be able to 
catalyze the breakdown of pyruvate into acetyl-coA, the 
start material for TCA cycle, thereby facilitating TCA 
cycle metabolism [51]. Thus, DLAT was intuitively sup-
posed to be downregulated in cancer if the Warburg 
effect is assumed [52]. In this study, we showed that 

PM2.5 enhanced DLAT expression and reduced acetyl-
CoA release. Moreover, we found that overexpression of 
DLAT suppressed acetyl-CoA production but had little 
impact on OCR levels. The reasons that DLAT did not 
enhance acetyl-CoA and had no significant effect on TCA 
cycle metabolisms were unclear, but may be due to the 
fact that PM2.5 exposure did not influence the expres-
sions of E1 (PDHA1) and E3 (DLD) genes (Table  S2). 
Because catalyzation of pyruvate requires the coopera-
tion of E1, E2, and E3 of PDC, it is unlikely that DLAT 
alone could convert pyruvate into acetyl-CoA without 
the support of E1 and E3 components [53].

Our data showed that over-expression of DLAT sig-
nificantly increased the production of L-lactate and pyru-
vate. In addition, we demonstrated that up-regulation of 
DLAT significantly enhanced the levels of ECAR. Lastly, 
we found that expression levels of DLAT in tumor tis-
sues were positively correlated with SUVmax values, con-
firming that DLAT augmented glycolysis metabolism in 
NSCLC. Collectively, our data strongly suggested that the 
main function of DLAT was to promote glycolysis metab-
olism, rather than to facilitate TCA cycle. The molecular 
mechanism that how DLAT enhances glycolysis metab-
olism is unknown and beyond the scope of the present 
study. Further more detailed experiments are required 
to elucidate the regulatory mechanisms of DLAT on gly-
colysis. However, our findings on the oncogenic effects 
of DLAT in NSCLC were in agreement with the con-
cept of Warburg effect in which cancer cells produced 
more lactate from pyruvate but converted less pyruvate 
into acetyl-CoA compared with their normal counter-
parts [54]. Future experiments are needed to determine 
whether there is other compensatory pathway, under the 
condition of decreased acetyl-CoA, to maintain TCA 
cycle homeostasis following PM2.5 exposure.

Transcription factors play a direct role in regulating 
the Warburg effect [55]. For instance, transcription fac-
tor SIX1 increased the expression of glycolytic genes 
and promoted tumor growth [56]. Hypoxia-inducible 
factor-1α (HIF-1α) enhanced aerobic glycolysis by bind-
ing to hypoxia-responsive elements of glycolytic gene 
promoters in cancer cells [57]. However, the mecha-
nism underlying the induction of transcription factors 
in glycolysis switch remains to be elucidated. Transcrip-
tion factor Sp1 (specificity protein 1) belongs to the Sp 
transcription factor family containing zinc finger DNA 
binding domains, which bind to the GC-rich promoter 
element, and is involved in the regulation of gene expres-
sion [58]. Sp1 might contribute to tumorigenesis through 
regulating transcription of oncogenes and tumor sup-
pressor genes [58]. Many human cancer cells exhib-
ited higher levels of Sp1 expression, and the levels of 
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Sp1 expression was associated with the state of a tumor 
and poor clinical prognosis [59]. Furthermore, down-
regulation of Sp1 inhibited tumor formation, cancer cell 
growth, and cell metastasis [60]. In this study, we dis-
covered that PM2.5 induced Sp1 up-regulation in  vitro 

and in  vivo. We found that Sp1 bound to the promoter 
of DLAT gene, leading to increased DLAT transcription, 
which further enhanced glycolysis and promoted malig-
nant phenotypes of NSCLC cells. Altogether, our results 
reveal a novel mechanism by which PM2.5 promotes 

Fig. 8  Schematic view for the mechanisms of action of DLAT-mediated glycolysis reprograming in PM2.5-induced carcinogenesis
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Additional file 5: Fig. S5. PM2.5 promotes the expression levels of 
cancer-associated markers in lung tissue of rats. (A) Schematic view of ani-
mal experiments. (B) Representative IHC staining images of the expression 
of Ki-67 protein, a marker of cell proliferation, in lung tissues of rats. (C) 
Representative pictures of IHC staining of caspase-3, a marker of apopto-
sis, in lung tissues of rats. (D) PM2.5 exposure increased Ki-67 expres-
sion levels in lung tissues of rats in a dose-response manner. (E) PM2.5 
exposure decreased the expression levels of caspase-3 in lung tissues of 
rats. (F) PM2.5 enhanced the expression levels of γ-H2Ax, a marker of DNA 
damage and carcinogenesis, in lung tissues of rats in a dose-dependent 
manner. *P < 0.05; **P < 0.01.

Additional file 6: Fig. S6. PM2.5 and DLAT decrease acetyl-CoA produc-
tion but do not alter TCA cycle metabolism level. (A) PM2.5 exposure 
inhibited acetyl-CoA generation in BEAS-2B cells. (B) There was a trend of 
decrease in acetyl-CoA levels in PM2.5-exposed lung tissues of rats. (C, D) 
Overexpression of DLAT suppressed acetyl-CoA production from NSCLC 
cells. (E) PM2.5 exposure did not significantly alter OCR levels in BEAS-2B 
cells. (F, G) Up-regulation of DLAT did not influence the OCR levels in 
NSCLC cells. (H) Schematic function of pyruvate in glycolysis metabolism 
and TCA cycle. *P < 0.05; **P < 0.01; ***P < 0.001.

Additional file 7: Fig. S7. Clinical significance of DLAT expression in 
NSCLC in TCGA datasets. (A) DLAT was up-regulated in tumor tissues of 
LUAD (lung adenocarcinoma). (B) The expression level of DLAT in LUSC 
(lung squamous cell carcinoma) tissue was higher than that in normal 
tissues. (C) The expression of DLAT protein in LUAD was higher than that 
in normal tissues. (D) Higher expression level of DLAT in tumor tissues was 
associated with worse overall survival of NSCLC. (E) Higher expression 
level of DLAT in tumor tissues was associated with worse progression free 
survival of NSCLC patients. (F) DLAT was up-regulated in other types of 
primary tumors.

Additional file 8: Fig. S8. Secondary structures in 5′-UTR of representa-
tive genes. (A) β-actin. (B) GAPDH. (C) Cyclin D1. (D) MYC. (E) DLAT. The 
structures were predicted using the RNAFold software. The minimum free 
energy was indicated.

Additional file 9: Table S1. QC data of Ribo-seq and RNA-seq.

Additional file 10: Table S2. Differentially expressed mRNAs regulated by 
PM2.5 in BEAS-2B cells.

Additional file 11: Table S3. Differentially expressed ribosome-associated 
mRNAs regulated by PM2.5 in BEAS-2B cells.

Additional file 12: Table S4. Genes with significant change in translation 
efficiency (TE) in PM2.5-exposed BEAS-2B cells.

Additional file 13: Table S5. Enrichment results of differentially expressed 
mRNAs by KEGG analysis.

Additional file 14: Table S6. Enrichment results of differentially translated 
genes by KEGG analysis.

Additional file 15: Table S7. Enrichment results of genes with significant 
translation efficiency (TE) changes by KEGG analysis.

Additional file 16: Table S8. Results of gene set enrichment analysis 
(GSEA) on differentially expressed genes in translatome.

Additional file 17: Table S9. Characteristics of NSCLC patients recruited 
for analysis of SUVmax values of PCT-CT and DLAT IHC staining.

Additional file 18: Table S10. Primers and antibodies used in this study.
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