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Abstract
Metformin has been found to have inhibitory effects on a variety of tumors. However, its effects on non-small cell lung 
cancer (NSCLC) remain unclear. We demonstrated that metformin could inhibit the proliferation of A549 and H1299 cells. 
RNA transcriptome sequencing revealed that PDL1 was significantly downregulated in both cell types following treatment 
with metformin (P < 0.001). Jaspar analysis and chromatin immunoprecipitation showed that CEBPB could directly bind 
the promoter region of PDL1. Western blotting showed that protein expression of the isoforms CEBPB-LAP*, CEBPB-
LAP, and CEBPB-LIP was significantly upregulated and the LIP/LAP ratio was increased. Gene chip analysis showed that 
PDL1 was significantly upregulated in A549-CEBPB-LAP cells and significantly downregulated in A549-CEBPB-LIP cells 
(P < 0.05) compared with CEBPB-NC cells. Dual-luciferase reporter gene assay showed that CEBPB-LAP overexpression 
could promote transcription of PDL1 and CEBPB-LIP overexpression could inhibit the process. Functional assays showed 
that the changes in CEBPB isoforms affected the function of NSCLC cells. Western blotting showed that metformin could 
regulate the function of NSCLC cells via AMPK–CEBPB–PDL1 signaling. Animal experiments showed that tumor growth 
was significantly inhibited by metformin, and atezolizumab and metformin had a synergistic effect on tumor growth. A total 
of 1247 patients were retrospectively analyzed, including 166 and 1081 patients in metformin and control groups, respec-
tively. The positive rate of PDL1 was lower than that of the control group (HR = 0.338, 95% CI = 0.235–0.487; P < 0.001). In 
conclusion, metformin inhibited the proliferation of NSCLC cells and played an anti-tumor role in an AMPK–CEBPB–PDL1 
signaling-dependent manner.
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Abbreviations
AMPK  AMP-activated protein kinase.
ChIP  Chromatin immunoprecipitation
DEG  Differential expressed genes
EMT  Epithelial interstitial transformation
FC  Fold change
HR  Hazard ratio
NSCLC  Non-small cell lung cancer

OE  Overexpressed
PDL1  Programmed cell death ligand-1
qPCR  Quantitative polymerase chain reaction
SPF  Specific pathogen-free

Introduction

Non-small cell lung cancer (NSCLC) is the most common 
type of lung cancer, accounting for approximately 85% of 
all lung cancers [1, 2]. The development of programmed 
cell death-1/programmed cell death ligand-1 (PD-1/PDL1) 
inhibitors has brought treatment of lung cancer to a new 
stage [3]. However, most of the current studies have focused 
on anti-tumor immunity, especially in T cells, and the PDL1 
signal inherent in tumors has not been extensively studied 
[4]. Recently, the regulation of tumor cell proliferation by 
PDL1 and its interaction with other carcinogenic pathways 

Tao Lu, Ming Li and Mengnan Zhao have contributed equally to 
this work.

 * Cheng Zhan 
 czhan10@fudan.edu.cn

 * Wei Jiang 
 jiang.wei1@zs-hospital.sh.cn

1 Department of Thoracic Surgery, Zhongshan Hospital, 
Fudan University, Shanghai 200032, China

http://orcid.org/0000-0001-8745-9276
http://crossmark.crossref.org/dialog/?doi=10.1007/s00262-021-03116-x&domain=pdf


1734 Cancer Immunology, Immunotherapy (2022) 71:1733–1746

1 3

has attracted attention. While studies have found that endog-
enous PDL1 has a wide range of biological effects on vari-
ous tumors [4, 5], few studies have reported the function of 
endogenous PDL1 in NSCLC.

CCAAT-enhancer-binding protein beta (CEBPB) is a 
transcription factor with three isoforms (LAP*, LAP, and 
LIP) [6, 7]. CEBPB-LAP* and CEBPB-LAP have 346 and 
323 amino acids, respectively, and act as transcriptional acti-
vators [8]. CEBPB-LAP is a more important transcription 
factor [9]. CEBPB-LIP has 148 amino acids and plays a 
transcriptional inhibitory role due to its lack of transcrip-
tional activation domain [10]. The LIP/LAP ratio determines 
whether transcription is activated or inhibited [11]. Maehara 
et al. [11] believed that metformin could regulate the func-
tion of hepatoma carcinoma cells by regulating CEBPB-
mediated signaling. The relationship between metformin 
and CEBPB deserves further study.

Our study found that metformin could regulate the 
expression of PDL1 in NSCLC cell lines by transcriptome 
sequencing analysis and experimental validation. However, 
the mechanism and the inhibitory effects of metformin have 
not been clearly identified. Therefore, this study aimed to 
explore the regulatory mechanism of metformin on PDL1 
and clarify the intrinsic function of PDL1 in NSCLC.

Methods

Determination of  IC50 concentration

A549 and H1299 cells in logarithmic growth phase were 
prepared as cell suspensions of 15,000 cells/mL; a suspen-
sion of 100 µL was added to each well of a 96-well plate. 
Eight metformin (S1741, Beyotime Biotechnology) concen-
trations were evaluated: 0, 0.1, 0.2, 0.5, 1.0, 2.0, 5.0, and 
10.0 mmol/L. After 72 h of incubation, 10 μL of Alamar 
Blue solution (40202ES60, YEASEN) was added to each 
well and the plate was incubated for 3 h at 37 °C. A micro-
plate reader was used to assess fluorescence intensity at exci-
tation and emission wavelengths of 545 nm and 590 nm, 
respectively.

Sample preparation

A549 and H1299 cells were cultured with Dulbecco’s modi-
fied Eagle medium (DMEM; Thermo Fisher Scientific) 
mixed with metformin at the  IC50 concentration for 72 h. 
The cells were lysed using Trizol solution (R0016, Beyo-
time Biotechnology). Cell lysates were collected, and RNA 
transcriptome sequencing was performed.

The tissues were cut into small pieces and lysed using Tri-
zol reagent. Lysates were collected, and RNA transcriptome 
sequencing was performed.

Cells were lysed using RIPA buffer (containing 1% pro-
tease and phosphatase inhibitors; Beyotime Biotechnology), 
and phosphorylated protein mass spectrometry identification 
was performed.

In this study, the detection time of mRNA and protein 
is consistent with the time we determined the IC50 of con-
centration. We treated the cells with metformin for 72 h and 
then performed the gene expression experiments and signal-
ing experiments.

Construction of cell lines

Cell lines of A549-CEBPB-LAP*-overexpression (OE), 
A549-CEBPB-LAP-OE, A549-CEBPB-LIP-OE, A549 
empty vector control, A549-PDL1-OE, H1299-CEBPB-
LAP*-OE, H1299-CEBPB-LAP-OE, H1299-CEBPB-LIP-
OE, and H1299 empty vector control were constructed. The 
plasmid was purchased from Heyuan Biotechnology (Shang-
hai) Co., Ltd., and 293 T cells were used as the experimental 
cells. The Lenti-Easy Packaging Mix and the target gene 
(CEBPB-LAP*, CEBPB-LAP, CEBPB-LIP, CEBPB-NC, 
and PDL1) lentiviral vector plasmids were co-transfected 
into 293 T cells using Lipofectamine 8000. The virus super-
natant was collected, concentrated, and purified followed by 
lentiviral transfection. Proteins were extracted and verified 
by western blots.

Western blotting

The BCA method was used to determine protein concentra-
tions. The protein samples were separated by sodium dode-
cyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE) 
and transferred to a nitrocellulose membrane (FFP24, 
Beyotime Biotechnology). The membranes were blocked 
with QuickBlock™ Blocking Buffer (P0252, Beyotime 
Biotechnology) and incubated with the following primary 
antibodies: CEBPB (Ab53138, Abcam), p-CEBPB (phos-
phor T235 + T188) (Ab52194, Abcam), AMPKα1 (Ab3759, 
Abcam), p-AMPKα1 (phosphor S48) (Ab131357, Abcam), 
PDL1 (13,684, Cell Signaling Technology), and actin 
(AA128, Beyotime Biotechnology). Then, the membranes 
were incubated with the appropriate horseradish peroxidase 
(HRP)-conjugated secondary antibody (goat anti-rabbit 
IgG, 1:4000; goat anti-mouse IgG, 1:5000; CWBio, China). 
Bands were detected using the ECL Western Blotting Detec-
tion System.

Real‑time fluorescent quantitative polymerase 
chain reaction (qPCR)

Total RNA was extracted using TRIzol reagent (R0016, 
Beyotime Biotechnology). The PrimeScript™ RT reagent 
kit (Tiangen Biotech (Beijing) Co., Ltd.) was used to convert 



1735Cancer Immunology, Immunotherapy (2022) 71:1733–1746 

1 3

RNA into cDNA. Quantitative real-time polymerase chain 
reaction analysis (qRT-PCR) was conducted using 2 × Hot-
Start Taq PCR MasterMix (Tiangen Biotech (Beijing) Co., 
Ltd.) on a fluorescent PCR device (7500, Thermo Fisher 
Scientific). The primers were as follows: CEBPB (forward: 
5′-TAC TAC GAG GCG GAC TGC TTGG-3′ and reverse: 
5′-TCT CGT CCT GAC CAT AGT  TCG GAG AAG AGG TCG 
GAG AGGA-3'), AMPKα1 (forward: 5′- TTT GCG TGT ACG 
AAG GAA GAAT-3′ and reverse: 5′- CTC TGT GGA GTA 
GCA GTC CCT-3′), and PDL1 (forward: 5'-GCT GCA CTA 
ATT GTC TAT TGGGA-3′ and reverse: 5′- AAT TCG CTT 
GTA GTC GGC ACC-3′). The results were expressed using 
the  2−△△Ct method.

Construction of the A549 CEBPB gene chip

Affymetrix GeneChip Human Gene 1.0 ST Array was per-
formed by Genminix Informatics Co., Ltd.

Cell proliferation assay

The Alamar Blue Assay was used to measure cell prolif-
eration. A total of 1.5 ×  103 cells were seeded into 96-well 
plates and cultured in DMEM medium. Cell proliferation 
was measured every day for 8 consecutive days. Then, 10 µL 
of Alamar Blue reagent was added and the plates were incu-
bated for 3 h at 37 °C. Alamar Blue reduction was monitored 
using a fluorescence-based plate reader with excitation and 
emission wavelengths of 545 and 590 nm, respectively.

Cell scratch test

Cells at a concentration of 300,000/mL in logarithmic 
growth phase were seeded in a 6-well plate and incubated 
overnight. The cells were scratched with a 1-mL sterile 
pipette tip and incubated with 2 mL DMEM without serum. 
Mobility was calculated with the following equation: (0 h 
scratch width–24 h scratch width)/0 h scratch width × 100%.

Transwell assays

For the Transwell migration assay, 2 ×  104 cells were seeded 
in the top chamber of each insert and cultured in serum-free 
medium. DMEM with 5% fetal bovine serum was added 
to the lower chamber. After 24 h, migrating cells were 
fixed, stained, and quantified for a total of five fields per 
membrane.

Chromatin immunoprecipitation (ChIP) assays

A ChIP assay was performed using the ChIP Assay Kit 
(P2078, Beyotime) according to the manufacturer’s instruc-
tions. Anti-CEBPB antibody was used to immunoprecipitate 

crosslinked protein–DNA complexes. The immunopre-
cipitated DNA was purified for qPCR analyses with spe-
cific primers, and the products were subjected to DNA 
electrophoresis.

Dual‑luciferase reporter gene assays

The JASPAR database was used to predict the potential bind-
ing site of CEBPB and PDL1 (from − 1000 bp to + 200 bp); 
the PDL1 promoter region was cloned into the pGL3-basic 
fluorescein enzyme plasmid vector (Promega). Then, the 
constructed CEBPB-LAP overexpression (LAP-OE), 
CEBPB-LIP overexpression (LIP-OE), and control plasmid 
CEBPB-NC vectors and Renilla pRLTK plasmid (Promega) 
were transfected into 293 T cells. Luciferase detection rea-
gent II (LARII) was used to detect RLU1. Stop&Glo reagent 
was used to detect RLU2. The ratio of RLU1/RLU2 was 
calculated.

Animal experiments

SPF nude and C57BL/6 J mice were provided and raised by 
the animal room of Zhongshan Hospital Fudan University, 
and passed the animal ethics audit. A total of 36 male nude 
mice aged approximately 4 weeks were used as experimental 
animals and randomly divided into six groups. To evaluate 
the effect of metformin on tumor growth, control or LAP- 
or PDL1-overexpressing A549 tumor cells (2 ×  106) were 
inoculated subcutaneously into mice. Mice were given met-
formin (300 mg/kg per day) or saline through gastric perfu-
sion once a day in subsequent days.

Tumor size was recorded every day beginning at day 8. 
The maximum tumor diameter (a) and width by perpen-
dicular (b) were measured every 3 days using calipers, and 
tumor volume was estimated using the following formula: 
V = 0.5 × a ×  b2. Mice were euthanized at day 25, and subcu-
taneous tumors were resected and weighed.

Twenty-four C57BL/6 J mice were randomly divided into 
four groups. A total of 2 ×  106 Lewis lung carcinoma cells 
(LLCs) were inoculated subcutaneously. Mice were given 
saline, metformin (300 mg/kg per day), atezolizumab (anti-
PDL1) (1 mg/kg per day by intraperitoneal injection; A2004, 
Selleck, China), or metformin combined with atezolizumab 
once a day in subsequent days.

Histopathological analysis

Tumor tissues were fixed in 4% paraformaldehyde and 
embedded in paraffin. Paraffin tumor sections (5 μm) were 
stained with hematoxylin and eosin (H&E). For immu-
nohistochemistry assays, paraffin sections were incu-
bated with primary antibodies against CEBPB (1:200; 
Ab53138, Abcam) and PDL1 (1:200; 13,684, Cell Signaling 
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Technology) followed by HRP-conjugated secondary anti-
bodies (goat anti-rabbit IgG) at room temperature for 2 h. 
Five random fields of each section were photographed under 
the light microscope.

Retrospective analysis

Patient tissue samples were collected from the Department 
of Thoracic Surgery, Zhongshan Hospital Fudan University. 
The basic information and medication of the 12 patients 
with lung adenocarcinoma were queried before surgery, 
and patients were divided into an oral metformin group and 
untreated control group. Transcriptome sequencing was per-
formed with the tumor tissues.

From January 2016 to January 2018, 1247 patients who 
received surgery and underwent PDL1 gene detection in 
our department were enrolled in our study. The results of 
PDL1 gene expression in NSCLC tissues were acquired 
from patient archives. The positive PDL1 was defined as 
tumor cells ≥ 1% or tumor stromal cells ≥ 1%. All patients 
included in this study provided informed consent, which 
was approved by the ethics (no. B2018-137R). The clinical 
and pathological data of the patients, including sex, age, 
smoking status, tumor location, surgical margin, tumor TNM 
staging, metformin taking, and PDL1 expression level, were 
analyzed. The Kaplan–Meier plotter Web site was used to 
explore the effect of certain genes on the prognosis of lung 
cancer.

Bioinformatics analysis

The raw data were standardized, and the limma package 
of R language software was used to analyze gene differ-
ences between the metformin and control group. |log10 
(fold change [FC])|> 0.5 and P < 0.05 were set as the stand-
ard for differences between groups. The volcano maps and 
heat maps to visualize differentially expressed genes were 
drawn using the ggplot2 and pheatmap packages. The topGO 
package was used to perform Gene Ontology (GO) function 
enrichment analysis of the differentially expressed genes 
(DEGs) between the two groups and draw bubble charts. 
Kyoto Encyclopedia of Genes and Genomes (KEGG) path-
way analysis was performed on the DEGs.

Statistical analysis

The line graph and histogram were generated using Graph-
pad 6.0, R language (version 3.61) was used for bioinformat-
ics analysis, and SPSS 24.0 was used for statistical analysis. 
The two groups of continuous variables were compared by 
Student’s t-test. The Chi-square test was used for categorical 
variables. Two-sided P < 0.05 was considered statistically 
significant.

Results

Metformin inhibited proliferation of NSCLC cells

According to dose–response analysis, we found that 
metformin has a concentration-dependent inhibitory 
effect on NSCLC cells with  IC50 values of 0.25 mmol/L 
and 2.0 mmol/L in A549 and H1299 cells, respectively 
(Fig. 1A).

According to transcriptome sequencing results, as 
shown in the volcano map and heat map (Fig. 1B), 1103 
genes were upregulated (logFC > 0.5, P < 0.05) and 829 
genes downregulated (logFC <  − 0.5, P < 0.05) in A549 
cells treated with metformin. GO and KEGG analyses 
results are shown in Fig. S1A and S1B. A total of 759 
genes were upregulated (logFC > 0.5, P < 0.05) and 532 
genes downregulated (logFC <  − 0.5, P < 0.05) in H1299 
cells treated with metformin (Fig. 1C). GO and KEGG 
analysis results are shown in Figure S1C and S1D.

Based on the DEG analysis, the expression of 
PDL1 was significantly downregulated in A549 
cells (logFC =  − 1.093, P = 0.036) and H1299 cells 
(logFC =  − 1.624, P = 0.024) following treatment with 
metformin. mRNA changes were verified by qPCR 
(Fig. 1D). These results indicated that metformin inhib-
ited PDL1 expression.

CEBPB regulates the transcription of PDL1

The potential CEBPB binding site for the PDL1 sequence 
(− 1000 to  + 200 bp) was predicted using Jaspar (http:// 
jaspar. gener eg. net/). According to the transcriptome 
sequencing results, CEBPB expression was significantly 
upregulated in A549 cells (logFC = 2.058, P < 0.001) and 
H1299 cells (logFC = 2.133, P < 0.001) following treat-
ment with metformin (Fig. 1B, C). qPCR confirmed these 
results (Fig. 2A). Therefore, by bioinformatics analysis 
and validation of mRNA and protein levels, we choose 
CEBPB as the target gene.

Using the CEBPB DNA binding sequence as a sub-
strate, six pairs of primers were designed for qPCR; the 
input and IgG group were used as controls. The DNA frag-
ment pulled by the CEBPB antibody was the sixth frag-
ment (− 95 to  + 55 bp) (Fig. 1E). The PCR products were 
visualized by agarose gel electrophoresis (Fig. 1F).

The potential CEBPB binding site was located in 
the sixth fragment with a sequence of CTG GCG CAAC 
(score = 11.3283, relative score = 0.938232, start 1999, 
end 2008, strand +). In addition, ChIP-Seq analy-
sis of GSM2421500, GSM2421662, GSM2421664, 
GSM2421852, GSM2421853, and GSM2421896 obtained 

http://jaspar.genereg.net/
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from the GEO database showed that CEBPB had bind-
ing affinity to the PDL1 promoter region in A549 cells, 
consistent with the ChIP and Jaspar prediction results. In 
summary, CEBPB may be a transcription factor that can 
directly regulate PDL1 transcription by binding a specific 
sequence.

Cell construction

Following treatment of A549 and H1299 cells with met-
formin at the  IC50 value, the expression of CEBPB-mRNA 
was increased significantly in both A549 and H1299 cells; 
this was verified by qPCR (Fig. 2A). This indicated that met-
formin could promote mRNA expression of CEBPB at the 
 IC50 value of metformin. Western blot analysis showed that 
both the protein expression of CEBPB-LAP and CEBPB-
LIP increased. Notably, the ratio of LIP/LAP was also 
increased (Fig. 2B).

The phosphorylated protein profile showed that, in 
A549 cells, by analyzing the distribution of all modi-
fied sites, a total of 1319 phosphorylated proteins were 
identified. According to analysis of differences in protein 
phosphorylation levels (Fig. 2C), the phosphorylation of 
63 proteins was upregulated (logFC > 0.5, P < 0.05) and 

that of 55 proteins was downregulated (logFC <  − 0.5, 
P < 0.05). GO and KEGG analyses are shown in Fig. 2SA 
and 2B. In H1299 cells, 1321 phosphorylated proteins 
were identified (Fig. 2E). Among them, the phosphoryla-
tion of 83 proteins was upregulated (logFC > 0.5, P < 0.05) 
and that of 96 proteins was downregulated (logFC <  − 0.5, 
P < 0.05). GO and KEGG analyses are shown in Figure 
S2C and S2D.

In the phosphorylated protein profile analysis, follow-
ing treatment with metformin, the phosphorylation level of 
CEBPB increased significantly in A549 cells (logFC = 0.765, 
P = 0.003) and H1299 cells (logFC = 1.578, P < 0.001). The 
site of CEBPB phosphorylation was Thr235. Western blot 
analysis showed that phosphorylation levels of pLAP*, 
pLAP, and pLIP were upregulated, but the ratio of pLIP/
pLAP did not change significantly in A549 cells (0.849 vs. 
0.849 vs. 0.850; P = 0.998; Fig. 2D) and H1299 cells (3.282 
vs. 3.458 vs. 3.443; P = 0.589; Fig. 2F). Therefore, we con-
sidered that the inhibitory effect of metformin on cells is 
mainly through an increase in the LIP/LAP ratio rather than 
that of pLIP/pLAP.

To further investigate CEBPB-dependent transcriptional 
regulation of PDL1, we constructed A549 and H1299 cell 
lines overexpressing CEBPB-LAP*, CEBPB-LAP, and 

Fig. 1  Metformin inhibited the proliferation of NSCLC. A Metformin 
has a concentration-dependent inhibitory effect on NSCLC cells. B, 
C The volcano map and heatmap show the differential expressed 
genes. D qPCR showed the mRNA of PDL1 in A549 and H1299 sig-
nificantly reduced after metformin treatment. E The DNA fragment 

pulled by the CEBPB antibody was the fragment of − 95 to  + 55 bp. 
F The PCR products were used for electrophoresis. Metformin con-
centration. NC: no metformin treatment. M1: 0.15  mmol/L (A549), 
1 mmol/L (H1299). M2: 0.25 mmol/L (A549), 2 mmol/L (H1299)
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CEBPB-LIP as well as the control cell line CEBPB-NC. The 
cell lines were verified by western blot analysis (Fig. 2G).

Overexpression of LAP and LIP had opposite effects 
on PDL1 expression

Gene-chip technology was applied to investigate the effect of 
overexpressed CEBPB-LAP and LIP on A549 gene expres-
sion. A total of 33 upregulated genes (logFC > 0.5, P < 0.05) 
and 50 downregulated genes (logFC < 0.5, P < 0.05) were 
identified in A549-LAP-OE cells (Fig.  2H), while 63 
upregulated genes (logFC > 0.5, P < 0.05) and 56 down-
regulated genes (logFC <  − 0.5, P < 0.05) were identified in 
LIP-OE cells (Fig. 2i). Among these, PDL1 was upregu-
lated in A549-LAP-OE cells (logFC = 0.624, P < 0.05), but 

downregulated in A549-LIP-OE cells (logFC =  − 0.598, 
P < 0.05). Therefore, PDL1 was proposed as a downstream 
regulatory gene of CEBPB.

LAP and LIP overexpression had opposite effects 
on PDL1 promoter activity

We used a dual-luciferase reporter system to detect the 
effect of LAP and LIP isoforms on the activity of the PDL1 
promoter. Compared with the CEBPB-NC group, RLU1/
RLU2 of the LAP-OE group was significantly increased 
(7.146 vs. 8.128, P = 0.023) and RLU1/RLU2 of the LIP-OE 
group was significantly reduced (7.146 vs. 5.830, P = 0.006; 
Fig. 2J). This indicated that LAP overexpression combined 
with the PDL1 transcription factor binding site to promote 

Fig. 2  Overexpression of LAP and LIP had opposite effects on PDL1 
expression. A qPCR showed that the expression of CEBPB-mRNA 
was increased significantly in both A549 and H1299. B Western 
blot analysis showed that both the expression of CEBPB-LAP and 
CEBPB-LIP increased. The ratio of LIP/LAP increased. C The phos-
phorylated protein profile of A549 treated with metformin was ana-
lyzed. D The expression of pLAP*, pLAP, and pLIP phosphorylated 
levels in A549 cells was upregulated, but the ratio of pLIP/pLAP 
did not change significantly (0.849 vs. 0.849 vs. 0.850; P = 0.998). 
E The phosphorylated protein profile of H1299 treated with met-
formin was analyzed. F The expression of pLAP*, pLAP, and pLIP 

phosphorylated levels in H1299 cells was upregulated, but the ratio 
of pLIP/pLAP did not change significantly (3.282 vs. 3.458 vs. 3.443; 
P = 0.589). G CEBPB-LAP*, CEBPB-LAP, and CEBPB-LIP and 
control cell line CEBPB-NC cell lines were constructed. (H, I) Gene-
chip results showed the differential expressed genes in A549-LAP-OE 
cells and LIP-OE cells. h Dual-luciferase reporter assays showed the 
RLU1/RLU2 of the LAP-OE group was significantly increased (7.146 
vs. 8.128, P = 0.023), and the RLU1/RLU2 of the LIP-OE group was 
significantly reduced (7.146 vs. 5.830, P = 0.006). Metformin con-
centration. NC: no metformin treatment. M1: 0.15  mmol/L (A549), 
1 mmol/L (H1299). M2: 0.25 mmol/L (A549), 2 mmol/L (H1299)
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the expression of PDL1, while CEBPB-LIP overexpression 
inhibited this transcription.

CEBPB regulated the function of A549 and H1299 
cells.

As shown in Fig. 3A, the proliferation of A549-LAP and 
H1299-LAP overexpressed (LAP-OE) cells increased sig-
nificantly (P < 0.05), while the proliferation of A549-LIP-
OE and H1299-LIP-OE cells decreased significantly 
(P < 0.001) compared with NC cells. The average mobility 
of A549-NC, LAP-OE, and LIP-OE cells was 0.41, 0.58, and 
0.27, respectively. Compared with A549-CEBPB-NC cells, 
the mobility of LAP-OE cells was significantly increased 
(P = 0.0046), while the mobility of LIP-OE cells was signifi-
cantly decreased (P = 0.0093; Fig. 3B). Similarly, the mobil-
ity of H1299-LAP-OE cells was significantly increased (0.55 
vs. 0.31, P = 0.0024), and the mobility of H1299-LIP-OE 
cells was significantly reduced (0.22 vs. 0.31, P = 0.0444) 
compared with control cells (Fig. 3C). Transwell migration 
assays showed that the migration of A549-LAP-OE cells was 
significantly increased (145.8 vs. 58.5; P < 0.001), while the 
migration of A549-LIP-OE cells was significantly reduced 
(42.2 vs. 58.5; P = 0.0029) compared with A549-NC cells 
(Fig. 3D). In addition, similar results were observed in 
H1299-NC, LAP-OE, and LIP-OE cells (Fig. 3E). Thus, we 
conclude that overexpression of LAP promotes cell prolif-
eration and migration, while overexpression of LIP works 
in an opposite manner.

Metformin inhibited NSCLC cells via AMPK–CEBPB–
PDL1 signaling.

The qPCR showed that following treatment with metformin, 
there was no significant change in AMPKα1 mRNA expres-
sion in A549 cells (P = 0.2268) or H1299 cells (P = 0.9544; 
Fig. 3F). Western blot analysis showed that there was no 
significant change in AMPKα1 protein expression in A549 
or H1299 cells treated with metformin (P > 0.05), but the 
phosphorylation level of AMPKα1 (pAMPKα1) was sig-
nificantly increased (P < 0.001), indicating that phospho-
rylation of AMPKα1 is required for the anti-tumor effect of 
metformin. PDL1 was also significantly downregulated in 
A549 and H1299 cells treated with metformin (P < 0.001; 
Fig. 3G, H).

Based on these findings, we explored whether AMPKα1 
phosphorylation affected the expression of CEBPB. We 
showed the reversal of the metformin effect from two AMPK 
inhibitors in A549 and H1299 cells, including Compound 
C and Doxorubicin. After the addition of AMPK inhibitor 
(Compound C and Doxorubicin) in A549 cells and H1299 
cells, AMPKα1 phosphorylation was significantly down-
regulated, and the expression of three isoforms of CEBPB, 

namely LAP*, LAP, and LIP, was all downregulated, while 
the expression of PDL1 was upregulated. The metformin 
could reverse the inhibitory effect of AMPK inhibitors 
(Fig. 3I and J).

Western blot analysis showed that PDL1 expression was 
significantly increased in A549-LAP-OE and H1299-LAP-
OE cells, but significantly downregulated in A549-LIP-OE 
and H1299-LIP-OE cells (P < 0.001; Fig. 3K, L) compared 
with NC cells. In summary, AMPKα1 upstream of CEBPB 
and AMPKα1 phosphorylation could regulate the expression 
of CEBPB and PDL1.

Metformin inhibited the growth of NSCLC 
xenografts in a mouse model

In untreated cells, A549-CEBPB-LAP-OE and A549-PDL1-
OE tumor growth was significantly faster than that of 
A549-CEBPB-NC (P < 0.001). Tumor growth of groups 
treated with metformin was significantly slower than that of 
groups not treated with metformin (P < 0.05) (Fig. 4A, B), 
indicating that overexpression of CEBPB-LAP and PDL1 
significantly promoted the proliferation of A549 cells, while 
metformin significantly inhibited tumor growth in vivo. 
Tumor weight was in accordance with tumor proliferation 
(Fig. 4C).

Tumor tissue was subjected to immunohistochemistry 
for CEBPB and PDL1. Compared with untreated A549-NC 
cells, expression of CEBPB and PDL1 was increased in 
A549-CEBPB-LAP-OE cells as well as A549-PDL1-OE 
cells. Compared with untreated NC cells, expression of 
CEBPB increased, while expression of PDL1 decreased in 
NC cells. Compared with untreated A549-CEBPB-LAP-OE 
cells, expression of CEBPB in A549-CEBPB-LAP-OE cells 
treated with metformin increased, while expression of PDL1 
was downregulated. Compared with untreated A549-PDL1-
OE cells, expression of PDL1 decreased in A549-PDL1-OE 
cells treated with metformin (Fig. 4D, E).

For the xenografts in C57BL/6 J mice, tumors in the con-
trol group grew the fastest, followed by tumors in the met-
formin and atezolizumab groups; tumors in the combined 
group grew the slowest (P < 0.05; Fig. 4F, G). The results 
suggested that atezolizumab and metformin had a synergistic 
effect on LLC tumor growth in vivo. Tumor weights were 
consistent with the tumor proliferation results (Fig. 4H). 
Immunohistochemistry staining showed that expression of 
PDL1 was decreased in tumors of the metformin and atezoli-
zumab groups and most significantly decreased compared 
with those of the control group (Fig. 4i).

Clinical analysis

Twelve patients with adenocarcinoma were enrolled and 
divided into a metformin group and NC group. Clinical 
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characteristics of the patients were analyzed (Supplementary 
Table 1). RNA transcriptome sequencing was performed on 
cancer tissue samples from these patients, and 9,423 genes 
were identified. DEG analysis showed that 192 genes were 
upregulated (logFC > 0.5, P < 0.05) and 653 genes were 
downregulated (logFC < -0.5, P < 0.05) compared with the 
control group (Fig. 5A, B). GO and KEGG analysis results 
are shown in Fig. 5C and D.

Compared with the control group, expression of CEBPB 
in cancer tissues of the metformin group was significantly 
upregulated (241.10 vs. 149.00, logFC = 0.6717, P = 0.045), 
while expression of PDL1 was significantly decreased (16.82 
vs. 5.10, logFC =  − 1.6215, P < 0.001). Immunohistochem-
istry showed that expression of CEBPB in the metformin 
group was higher than that in the control group (Fig. 5E) 
and expression of PDL1 was lower than that in the control 
group (Fig. 5F).

Among 1247 patients included in the study, 166 patients 
were taking metformin and 1081 patients did not take met-
formin (including patients who did not receive any hypo-
glycemic prescription, or were taking other hypoglycemic 
drugs, and patients using insulin). There were no signifi-
cant differences between the two groups in terms of gender, 
smoking, tumor size, resection margin, tumor location, and 
tumor stage (all P > 0.05). In the metformin group, the aver-
age age of the patients was older (58.23 vs. 61.08; P = 0.002) 
and the positive rate of PDL1 was lower than that of the con-
trol group (HR = 0.338, 95% CI = 0.235–0.487; P < 0.001) 
(Table 1).

The Kaplan–Meier plotter Web site was used to explore 
the effect of certain genes on the prognosis of lung cancer. 
To explore the relationship between CEBPB and the progno-
sis of lung cancer, 1,926 lung cancer patients were enrolled, 

including 963 patients with high expression of CEBPB-LAP 
in lung cancer tissue and 963 patients with low expression 
of CEBPB-LAP (Affy id/Gene symbol “212501_at”). The 
survival analysis showed that patients with low expression of 
CEBPB-LAP had significantly better prognoses than those 
with high expression of CEBPB-LAP (HR = 1.19, 95% 
CI = 1.05–1.35, P = 0.0059) (Fig. 5G). Similarly, to explore 
the relationship between the expression of CD274 (PDL1) 
and lung cancer prognosis, 1,145 lung cancer patients were 
enrolled, including 573 patients with high PDL1 expres-
sion in lung cancer tissues and 572 patients with low PDL1 
expression (Affy id/Gene symbol “223834_at”). Better prog-
nosis was observed in patients with low PDL1 expression 
than high PDL1 expression (HR = 1.21, 95% CI = 1.02–1.42, 
P = 0.025) (Fig. 5H).

Discussion

Studies have shown that metformin can inhibit NSCLC 
via the AMP-activated protein kinase (AMPK) pathway. 
In NSCLC cells, metformin can activate liver kinase B1, 
which is upstream of AMPK, resulting in negative regu-
lation of mTOR activity and contributing to cell growth 
inhibition [12, 13]. In this study, we explore the met-
formin–AMPK–CEBPB–PDL1 pathway, but do not delve 
into the way that metformin regulates AMPK. As we know, 
A549 cell line is LKB1 null. In our study, the regulation of 
AMPK by metformin may not be STK11/LKB1 dependent. 
More and more evidence shows that metformin also inhibits 
cells through a pathway independent of AMPK mechanism. 
It was reported that LKB1-inactivated lung adenocarcinoma 
is highly sensitive to metformin, which, as a safe and low-
cost anti-diabetic compound, can inhibit mitochondrial oxi-
dative phosphorylation [14, 15]. Metformin can also prevent 
cisplatin resistance in an inactive LKB1 in vivo model of 
lung adenocarcinoma [15]. Shackelford et al. [16] found that 
metformin can reduce the tumor burden of tumor-bearing 
mice and increase the survival rate of LKB1-deficient lung 
tumor mice. Although there has been evidence that met-
formin has an inhibitory effect on NSCLC, its mechanism 
remains unclear.

In the current study, according to dose–response analy-
sis, we found that metformin has a concentration-depend-
ent inhibitory effect on NSCLC cells with an IC50 of 
0.25 mmol/L and 2.0 mmol/L on A549 and H1299 cells, 
respectively. Extensive experimental results in vitro show 
that millimolar (mM) levels of metformin have antiprolifera-
tive effects. However, the direct clinical anti-tumor activity 
of this concentration is impractical, because the diabetic 
patients have plasma level of metformin in the 10 μM range, 
which are unlikely to mimic the in vivo microenvironment 
[17, 18]. Therefore, Chandel et al. [19] believe that the 

Fig. 3  Metformin inhibited NSCLC through AMPK–CEBPB–PDL1 
signaling pathway. A The proliferation of LAP-OE cells increased 
significantly (P < 0.05), and the proliferation of LIP-OE decreased 
significantly (P < 0.001) compared with NC cells. b, C The mobility 
of LAP-OE was significantly increased, while the mobility of LIP-
OE was significantly decreased. D, E The cell migration of LAP-OE 
significantly increased, while the cell migration of LIP-OE signifi-
cantly reduced. F No significant change in AMPKα1 mRNA expres-
sion was observed after being treated by metformin by qPCR. G, H 
The phosphorylation level of AMPKα1 (pAMPKα1) was signifi-
cantly increased (P < 0.001), and the PDL1 protein was significantly 
downregulated in 549 cells and H1299 cells treated with metformin 
(P < 0.001). I, J After the addition of AMPK inhibitor (Compound 
C and Doxorubicin) in A549 cells and H1299 cells, AMPKα1 phos-
phorylation was significantly downregulated, and the expression of 
three isoforms of CEBPB, namely LAP*, LAP, and LIP, were all 
downregulated, while the expression of PDL1 was upregulated. The 
metformin reversed the inhibitory effect of AMPK inhibitors. K, 
l Western blot analysis showed that PDL1 expression was signifi-
cantly increased LAP-OE cells, but was significantly downregulated 
in LIP-OE cells (P < 0.001). Metformin concentration. NC: no met-
formin treatment. M1: 0.15 mmol/L (A549), 1 mmol/L (H1299). M2: 
0.25 mmol/L (A549), 2 mmol/L (H1299)

◂
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Fig. 4  Metformin could inhibit the tumor growth in  vivo. A, B, C 
The  tumor growth of  groups treated with metformin  was  signifi-
cantly slower than that of groups not treated with metformin in nude 
mice. d, e Metformin could upregulate the CEBPB expression but 
downregulate the PDL1 expression in tumor tissues. f–h Metformin 
and atezolizumab could inhibit the tumor growth in C57BL/6 J mice, 

respectively, and atezolizumab and metformin has synergistic effect. 
i The immunohistochemistry staining showed that the expression 
PDL1 decreased in tumor of metformin group and atezolizumab 
group and decreased most significantly compared with those of con-
trol group
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requirement for the concentration of metformin in vitro 
may not be helpful in predicting the concentration of the 
drug required for in vivo or clinical activities. Maybe the 
metformin has other potential mechanisms to exert effects, 
for example, oxidative stress. Metformin can directly inhibit 
cell proliferation by regulating the cell cycle, upregulating 
tumor suppressor genes, and promoting cell death mediated 
by oxidative stress and thus exhibit antiproliferative effects 
indirectly [14]. It is worth to further study.

PD-1/PDL1 inhibitors have shown extraordinary effi-
cacy in inhibition of a variety of tumors [20]. Tumor-
expressed PDL1 transmits negative signals to anti-tumor T 
cells expressing PD-1, changing the pathogenesis of tumor 
immunity [21]. However, emerging evidence has shown that 
PDL1 also has intrinsic tumor functions [22, 23]. Zheng 
et al. [24] showed that PDL1 promoted proliferation of head 
and neck squamous cell carcinoma via mTOR signaling; 
blocking PDL1 was beneficial. Other studies have shown 
that PDL1 is also involved in the regulation of epithelial 
interstitial transformation [25, 26] and is closely related to 
cell cycle progression in human breast cancer and expres-
sion of the proliferation marker Ki-67 [27]. In ovarian can-
cer cells and melanoma, high expression of PDL1 increased 
autophagy through mTOR signaling [4]. PDL1 inhibitors 
can also reverse the immune metabolic dysfunction of 

monocytes in chronic lymphocytic leukemia through BTK 
signaling [28]. In this study, metformin and atezolizumab 
could inhibit tumor growth in vivo and decrease the expres-
sion of PDL1. Furthermore, the two drugs had a synergistic 
effect. In the manual of atezolizumab provided by Selleck, 
it is reported that atezolizumab can apply to humanized 
mice, non-humanized mice (e.g., C57BL/6 mice), periph-
eral blood, and other related assays. In a study by Sanjeev 
Mariathasan, C57BL6 mice were inoculated with MC38 (a 
mouse tumor cell line) tumor cells subcutaneously, and then, 
atezolizumab was used to study the therapeutic effect of the 
blockade of PD-L1, similar to our study [29].

The transcription factor CEBPB is involved in various 
physiological and pathophysiological processes, includ-
ing the development and progression of malignant tumors. 
Increased CEBPB expression has been observed in many 
human tumors, including breast cancer [30], gastric can-
cer [31], ovarian cancer [32], colorectal cancer [33], and 
liver cancer [34]. Studies have shown that regulation of the 
LAP/LIP ratio plays a key role in liver regeneration, acute 
phase response, bone homeostasis, and breast development 
[35, 36], and the downstream genes are involved in many 
physiological and pathological processes. Maehara et al. 
[11] found that metformin could upregulate the expres-
sion of CEBPB, both LAP and LIP were upregulated, and 

Fig. 5  Clinical analysis. A, B RNA transcriptome sequencing was 
performed on cancer tissue samples and identified the DEGs. C, D 
GO and KEGG analyses were performed. e, F Immunohistochemistry 
results showed that the expression of CEBPB in the metformin group 
was higher than that in the control group, and the expression of PDL1 
was lower than that in the control group. G The survival analysis 

showed that patients with low expression of CEBPB-LAP had signifi-
cantly better prognosis than those with high expression of CEBPB-
LAP (HR = 1.19, 95% CI = 1.05–1.35, P = 0.0059). (H) Better prog-
nosis was observed in patients with low PDL1 expression than high 
PDL1 expression (HR = 1.21, 95% CI = 1.02–1.42, P = 0.025)
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the LIP/LAP ratio was increased. In this study, we found 
that metformin upregulated phosphorylation of AMPKα1, 
thereby affecting the expression of downstream CEBPB. 
Gene chip analysis revealed that PDL1 was significantly 
upregulated in A549 CEBPB-LAP-OE cells and down-
regulated in CEBPB-LIP-OE cells. Our ChIP results and 
ChIP-Seq data from the GEO database and Jaspar Web site 
argued that CEBPB can directly bind the PDL1 promoter 
to activate transcription. Dual-luciferase reporter assay 
showed that overexpression of CEBPB-LAP could promote 
PDL1 transcription; this was inhibited by overexpression 
of CEBPB-LIP. Following metformin treatment of NSCLC 
cells, the CEBPB-LIP/LAP ratio was increased, transcrip-
tion of PDL1 was inhibited, and expression of PDL1 was 
downregulated. In this study, both pLAP and pLIP were 
increased following metformin treatment, but the ratio of 
pLAP/pLIP showed no significance. Metformin increased 
the phosphorylation of CEBPB at Thr235. Three kinases, 
namely MAPK, CDK2, and RPS6KA1, have been reported 
to phosphorylate CEBPB and promote its transcriptional 
activity [37–39]. However, there is no evidence that CEBPB 
is a substrate of AMPK. As both LAP and LIP were simi-
larly phosphorylated by metformin, it appears that the LAP/
LIP ratio, rather than pLAP/LIP, is important in regulation 

of the expression of PDL1; one possibility is that phospho-
rylation of CEBPB increases the stability of the three iso-
forms. Based on our results, metformin can regulate NSCLC 
cells via AMPK–CEBPB–PDL1 signaling. We also demon-
strated that metformin inhibited tumor growth, and atezoli-
zumab and metformin had a synergistic effect on LLC tumor 
growth in vivo. Immunohistochemistry staining verified that 
metformin could upregulate the expression of CEBPB and 
downregulate the expression of PDL1. In this study, we used 
a CEBPB antibody to detect the total protein, but could not 
differentiate the LAP or LIP protein because there was no 
LAP or LIP isoform antibody available. We demonstrated 
that CEBPB was highly expressed, but we were unable to 
detect the LAP/LIP ratio.

There are some limitations in our study. Firstly, in our 
experiment of Dual-luciferase reporter gene assay, we used 
293 T cells to prove that LAP or LIP overexpression has 
opposite effects on PD-L1 promoter activity, because A549 
or H1299 cells had low transfection efficiency and are hard 
to be transfected using plasmids. Secondly, we used the anti-
body of CEBPB to detect the total protein, but we could 
not differentiate the LAP or LIP protein because there was 
no commercial LAP or LIP isoform antibody for IHC. We 
only demonstrated that the CEBPB highly expressed, but 

Table 1  The clinical and 
pathological characteristics

Characteristics Metformin (−) Metformin ( +) HR 95%CI P-value

Gender
 Male 404 64 0.951 0.680–1.331 0.770
 Female 677 102

Age 58.23 ± 11.139 61.08 ± 10.765 0.002
  > 65 years 293 101 1.731 1.233–2.430 0.001
 ≤ 65 years 788 65

Smoking
 No 955 144 1.158 0.713–1.882 0.554
 Yes 126 22

Tumor size (cm) 1.88 ± 1.409 1.73 ± 1.080 0.214
Residual
 R0 1071 163 0.971 0.537–7.238 0.297
 R1/2 10 3

Tumor location 0.098
 Left 439 53
 Right 628 110
 Bilateral 14 3

Stage 0.191
 0/I 883 146
 II 78 8
 III 96 8
 IV 24 4

PDL1
 ( +) 558 44 0.338 0.235–0.487  < 0.001
 (−) 523 122
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we were unable to detect the ratio of LAP/LIP. This needs 
to be further studied.

Conclusions

Our study showed that metformin had an inhibitory effect on 
the NSCLC cell lines A549 and H1299. As a transcription 
factor, CEBPB directly regulated the transcription of PDL1. 
The inhibitory effect of metformin on NSCLC may be medi-
ated by metformin–AMPK–CEBPB–PDL1 signaling.
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tary material available at https:// doi. org/ 10. 1007/ s00262- 021- 03116-x.
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