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Abstract
Background Increasing evidence suggests that centromere-associated protein E (CENP-E) is expressed
during mitosis and plays a key role in incorrect chromosome alignment. Therefore, CENP-E may represent
a druggable target for several solid tumors.

Methods Here, we evaluated the ability of the CENPE inhibitor GSK923295 to up-regulate PDL1 and
induce immune responses to tumor-associated CD8 T cell and regulatory T (Treg) cell.

Results Our study found that a CENP-E inhibitor exhibited anti-tumor activity by directly suppressing the
proliferation of lung cancer cells and upregulating the expression of PD-L1. Inhibition of CENP-E
suppressed antitumor immunity by attenuating the response of activated CD8+ T cells and augmenting
Tregs in vitro and in vivo. Mechanistically, CENP-E bound to the TTP promoter to regulate its transcription,
and inhibition of CENP-E stabilized the mRNA of PD-L1 via TTP targeting of the 3’UTR. Inhibition or
knockdown of CENP-E combined with an anti-PD-L1 antibody rescued the impaired antitumor CD8+
T/Treg cell response and improved the antitumor effect in lung cancer. Surprisingly , further analysis
found that CENP-E was only related to the poor prognosis of lung cancer.

Conclusions All of these results suggest that a CENP-E inhibitor will exert anti-tumor effects and
upregulate PD-L1-induced impairment of anti-tumor CD8+/Treg cell responses in lung cancer. However,
elevated PDL1 levels provide a possible strategy for combination immunotherapy, and this combination
of immunotherapeutic strategies may offset the negative effects of a CENP-E inhibitor on its immune-
mediated antitumor ability in lung cancer treatment.

Background
Lung cancer is the most common malignant cancer in the world, and it causes the most cancer-related
deaths. Global cancer statistics showed that more than 2 million new cases of lung cancer occurred in
2018, which accounted for 11.6% of all cancers.1 According to histology, lung cancer is classi�ed into
small cell lung cancer and non-small cell lung cancer (NSCLC). NSCLC is the most common type, and it is
further classi�ed into adenocarcinoma, squamous cell carcinoma, etc.2 NSCLC is often accompanied by
oncogene mutation or alteration, which �rmly correlate with the development and progression of lung
cancer. Current research indicates that centromere protein E (CENP-E) is related to the development and
drug-resistance of lung cancer, and it is a potential driver gene in lung cancer. CENP-E is a member of the
centromere-associated protein family. It plays an important role in the precise arrangement of
chromosomes and cell division, and it may be a promising therapeutic target for some solid cancers,
including lung cancer.3–7 CENP-E may be related with the development of familial lung cancer.8 The
heterozygous knockout of CENP-E in Mad2-heterozygous knockout mice inhibited the formation of lung
adenocarcinoma.9 Wood and colleagues indicated that the mRNA expression level of CENP-E was
obviously elevated in lung adenocarcinoma and squamous cell carcinoma compared to normal lung
tissues, and it was 5-fold and 20-fold higher than normal tissues, respectively.10 However, the relationship
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between the expression of CENP-E and the e�ciency of immune checkpoint blockade(ICB) to lung cancer
patients was not reported.

Avoidance of immune destruction and tumor promotion in�ammation are newly de�ned characteristics
of malignancies.11 Tumor cells suppress innate and acquired antitumor immunity via the downregulation
MHC I, the upregulation of PD-L1 and the secretion of cytokines, including TGF-β and PGE. Increasing
evidence showed that traditional antitumor strategies, including targeted therapy and chemotherapy, may
also play important roles in the immuno-microenvironment by regulating the expression of PD-L1. EGFR-
TKI restored the antitumor immunity of tumor-speci�c T cells by suppressing the EGFR-ERK/c-jun
signaling pathway and subsequently downregulating the expression of PD-L1.12 In contrast, CDK4/6 and
MEK inhibitors induced PD-L1 expression. The combination of a CDK4/6 inhibitor or MEK inhibitor with
an anti-PD-L1 antibody evidently suppressed tumor growth.13,14 However, whether the inhibition of CENP-
E regulates the expression of PD-L1 and the immuno-microenvironment in lung cancer is not clear.

PD-L1 is often highly expressed in cancer cells, and it is positively correlated with the invasive activity and
risk of death of malignant cancer. PD-L1 in immune cells, including dendritic cells, T cells and other cells,
combines with PD-1 on T cells and subsequently suppresses the proliferation of T cells, which leads to
tumor immune escape.17 PD-1/PD-L1 antibodies exhibited considerable effects in lung cancer
treatment.18 The objective response rate of nivolumab and pembrolumab in NSCLC was 20%-40%.19

Checkpoint inhibitors were only effective in some patients, and many patients experienced primary or
secondary resistance. The combination of an anti-PD-1/PD-L1 antibody and traditional therapy may be a
new era in anticancer treatment.20The combination of CENP-E inhibition with an anti-PD-L1 antibody may
overcome the ICB resistance and provide a new strategy for lung cancer treatment.

In this study, we analyzed the relationship between CENP-E expression and prognosis and the expression
of immune molecules in lung cancer. We further investigated the in�uence of CENP-E inhibition on PD-L1
expression in lung cancer cells and antitumor immunity. Finally, the antitumor e�cacy of the inhibition of
CENP-E combined with an anti-PD-L1 antibody in lung cancer was examined.

Materials And Methods

Cell lines and cell culture
NSCLC cell lines A549, H522 and Lewis were purchased from the Shanghai Institute of Cell Biology
(Shanghai, China). A549 and H522 were cultured with RPMI-1640 complete medium supplemented with
10% fetal bovine serum and antibiotics (100 U/ml streptomycin and 100 U/ml penicillin). Murine lung
cancer cell line Lewis was propagated in DMEM complete medium. Human mononuclear cells derived
from malignant pleural effusion (MPE) of lung cancer patients were grown in IMDM, and the medium
was supplemented with 50 mM 2-mercaptoethanol.
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Co-culture system of A549 and monocuclear cells derived
from MPE
To analyse the effect of CENP-E inhibition in A549 on immunity, A549 treated with GSK923295 for 3 days
was co-cultured with monocuclear cells isolated from MPE. Co-cultures at 1:100 (tumor cell: monocuclear
cell) ratio were incubated in the presence of anti-CD3/CD28 antibody (Thermo, 1 ug/ml) and IL-2
(PeproTech, 100 U/ml) for 4 days. Then the monocuclear cells were collected for the FACS analyses. For
the colony formation assays to investigate the combinatorial antitumor effect with GSK923295 and PD-
L1 antibody Atezolizumab (Selleckchem, 10ug/ml), A549 treated with GSK923295 for 3 days was co-
cultured with monocuclear cells at the ratio of 1:12, 1:25, 1:50 and 1:100. About 10 days later, the tumor
cells on the plates were �xed with 4% paraformaldehyde and washed with PBS, then was stained with
0.5% crystal violet solution.

FACS analyses
To perform FACS analyses, single-cell suspensions were prepared in PBS with 2% BSA. For the detection
of PD-L1 and MHC I in A549 and H522, the suspension cells were stained with PD-L1-PE Cy7 and MHC I-
APC (ebioscience). For the evaluation of CD8+T cells and Tregs, the cells were stained with the following
anti-human/mouse antibodies targeting surface markers at 4 °C for 30 minutes: CD8–FITC, 7-AAD, CD4-
FITC, CD25-PE, CD107-PE and Foxp3-PE (ebioscience, Biolegend). The expression of IFN-γ and Foxp3
were detected by using BD Cyto�x/Cytoperm kit (BD Biosciences) according to the manufacturer’s
instructions. The stained cells were analyzed using a FACSAria II �ow cytometer (BD Biosciences). The
data was analyzed with FlowJo software.

Animal studies
Female C57BL/6 mice of 6–8 weeks old were purchased from Liaoning Changsheng Biotechnology
Company. The 6-weeks old nude female mice were obtained from Beijing Vital River Laboratory Animal
Technology Company. All procedures on mice were conducted according to the guidelines of the Animal
Care and Use Committee at Huazhong University of Science and Technology.

To study the therapeutic effect of GSK923295 in A549 nude mice models, A549 cells (1 × 107 cells) were
suspended in 50 µl of RPMI-1640 mixed with 50 µl of Matrigel Basement Membrane Matrix (BD
Biosciences) and injected subcutaneously into 6-week female nude mice. When tumor volume reached ~ 
200 mm3, mice were randomly divided into two groups with comparable average tumor size (5 mice per
group). Mice were then treated with vehicle alone or GSK923295 (125 mg/kg; Selleckchem)
intraperitoneally in two cycles of three daily injections.

To study the immunoregulatory effect of CENP-E inhibition and the combinatorial antitumor effect with
CENP-E inhibition and PD-L1 antibody, the mice were randomized into three groups (5 mice per group in
the study of immunoregulatory effect of CENP-E inhibition and 10 mice per group in the study of
combinatorial treatment). Lewis lung tumor mice model were established by subcutaneously injecting 1 
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× 106 control- or CENP-E knockdown- Lewis cells in 100 µl DMEM into the right �ank of mouse. To
characterize the tumor-in�ltrating immune cells, the mice were sacri�ced after 14 days. Then the
subcutaneous tumors were collected for FACS analyses. For PD-L1 antibody treatment, 10 mice in each
group were divided into two groups with comparable average tumor size (5 mice per group), then 200 µg
of PD-L1 antibody (Bio X Cell, 10F.9G2) or control IgG (Bio X Cell, LTF-2) was injected intraperitoneally
every three days for a total of 8 injections.

For survival studies, tumor models were established and treated with the same method described above.
The mice were monitored for tumor volumes every three days for 90 days after initial implantation.
Animals whose tumors exceeded 2,000 mm3 were euthanized.

Tumor sizes were measured by callipers and the tumor volume was calculated using the formula: W 2 × L
× 0.5, where L is the longest dimension and W is the corresponding perpendicular dimension.

Patients and Clinical samples
The malignant pleural effusion (MPE) and lung tumor tissues were collected from lung cancer patients in
the Cancer Center, Union Hospital, Tongji Medical College of Huazhong University of Science and
Technology. These effusions were histologically diagnosed as malignant pleural effusion, and will be
utilized in co-culture system with tumor cells. The lung tumor tissues were collected for
immunofuorescence or immunohistochemical staining to investigate the expression of CENP-E and PD-
L1. This study was approved by the Cancer Center of Union Hospital in Wuhan, P.R.China. Informed
consents were obtained from these patients.

RNA sequencing
After A549 was treated with 100 nmol/L GSK923295, cells were washed with PBS and collected for RNA
extraction. The RNA was ampli�ed to build up the single-stranded circular DNA bank. BGISEQ-500
platform was utilized for the subsequent sequencing.

Statistics analyses
All analyses were conducted by using GraphPad Prism software. All assays were conducted for at least
three times. Data were presented as the mean ± SD. Student’s t test was performed to compare two
groups of independent samples. Kaplan-Meier curves and log-rank tests were used to evaluate the
statistical differences between groups in survival studies. P values less than 0.05 were considered
statistically signi�cant.

Results

The role of CENP-E inhibitors in lung cancer cells
To demonstrate the effect of CENP-E on A549 proliferation, colony formation and the cell cycle, we
inhibited CENP-E using the CENP-E-speci�c inhibitor GSK923295. The IC50 of GSK923295 at 72 h was



Page 6/23

43.79 nmol/L (Fig. 1A). Therefore, we treated A549 and H522 cells with GSK923295 for the CCK8 assays,
colony formation assays and PI staining. Our data showed that CENP-E inhibition with GSK923295
inhibited the proliferation of A549 and H522 cells, especially at 72 h and at 50 and 100 nmol/L (Fig. 1B-
C). Signi�cantly decreased colony formation numbers were observed in A549 and H522 cells treated with
GSK923295 (Fig. 1D). The inhibition of CENP-E arrested the cell cycle of A549 and H522 cells at the
G2/M phase (Fig. 1E). Therefore, our data indicated that CENP-E inhibition exhibited anti-tumor activity by
directly suppressing the proliferation of tumor cells and arresting the cell cycle.

CENP-E inhibition upregulates PDL1 expression in lung cancer cells.

To elucidate the in�uence of CENP-E inhibition on immunity, we conducted RNA sequencing. We
investigated the expression of a total of 17135 genes and found that 429 genes were upregulated and
331 genes were downregulated in A 549 cells treated with GSK923295 (Fig. 2A). We further investigated
the distinctive genes related with immunity and PD-L1. We found that PD-L1 was obviously highly
expressed after CENP-E inhibition. The expression of immunosuppressive molecules, including IL1β, IL-6,
IL-33 and PTGS2, were also elevated, and genes that participate in the regulation of PD-L1, including
IFNGR, CXCL8, IL-6, JAK3 and JUN, were upregulated (Fig. 2B).

To verify the in�uence of CENP-E on PD-L1 expression in lung cancer, we evaluated the expression of PD-
L1 in A549 and H522 cells treated with the CENP-E-speci�c inhibitor GSK923295. Our data showed that
GSK923295 induced PD-L1 expression at the mRNA and protein level at 50 and 100 nmol/L (Fig. 2C and
D). GSK923295 also increased the expression of MHC I in lung cancer cells at 50 and 100 nmol/L
(Fig. 2E). We further con�rmed the expression of CENP-E and PD-L1 in lung cancer tissues from patients.
The results indicated a negative correlation between CENP-E and PD-L1 in lung cancer tissues (Fig. 2F).
Therefore, the inhibition of CENP-E in lung cancer induced the expression of PD-L1 at the mRNA and
protein level.

CENP-E signal inhibition induces T-cell suppression in vitro and in vivo.

To explore whether the CENP-E inhibition-induced upregulation of PD-L1 in A549 cells affected antitumor
immunity, we cultured mononuclear cells isolated from MPE and A549 cells treated with GSK923295.
A549 cells treated with GSK923295 exhibited a dose-dependent reduction in the ratio of CD8+ T cells to
CD4+ T cells and an increase in the proportion of apoptotic CD8+ T cells (7-AAD+CD8+) and apoptotic
CD4+ T cells (7-AAD+CD4+) (Fig. 3A and B). We also found that A549 cells treated with 50 and
100 nmol/L GSK923295 resulted in the elevation of Tregs (Fig. 3C).

To verify the in vivo in�uence of CENP-E on lung tumor growth, an A549 nude mouse model was
established and treated with GSK923295. GSK923295 signi�cantly suppressed A549 growth in nude
mice and prolonged the survival of tumor-bearing nude mice (Fig. 3D). We further established a CENP-E
knockdown Lewis cells line and a subcutaneous Lewis lung cancer C57BL/6 mice model. Our results
indicated that the knockdown of CENP-E slightly suppressed tumor growth in Lewis lung tumor-bearing
C57BL/6 mice, but it did not affect the survival of immunocompetent tumor bearing mice (Fig. 3E and F).
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CENP-E knockdown reduced the in�ltration of CD8+ T cells and the secretion of IFN-γ in CD8+ T cells and
increased the proportion of Tregs compared to control mice (Fig. 3G). Therefore, the inhibition of CENP-E
in lung cancer reduced CD8+ T cells and elevated Tregs, which led to immunosuppression.

The inhibition of CENP-E stabilized PD-L1 mRNA by TTP targeting of the 3’UTR.

To determine whether CENP-E regulated the stability of PD-L1 mRNA and its mechanism, we conducted
mRNA stability assays. The inhibition or knockdown of CENP-E retarded the degradation of PD-L1 mRNA
and enhanced the stability of PD-L1 mRNA (Fig. 4A). A luciferase reporter gene assay was performed to
further investigate whether the 3’ UTR mediated this in�uence on the stability of PD-L1 mRNA. The
inhibition of CENP-E using GSK923295 in PD-L1 3’UTR wild-type A549 cells enhanced the luciferase
activity and stabilized the mRNA. After mutation in the PD-L1 3’UTR, the inhibition of CENP-E did not
increase the luciferase activity (Fig. 4B). Therefore, the in�uence of CENP-E on the stability of PD-L1
mRNA was mediated by the PD-L1 3’UTR. To identify the proteins regulating the stability of PD-L1 mRNA,
we performed a selected screen of likely candidate genes TTP and UPF1 (both genes regulate mRNA
stability via the 3’UTR). PD-L1 expression was increased after the knockdown of TTP in A549 cells, not
UPF1 knockdown (Fig. 4C). The inhibition of CENP-E in A549 cells downregulated TTP expression, and
the high expression of TTP inhibited PD-L1 expression. The CENPE inhibitor-induced upregulation of PD-
L1 was rescued with the upregulation of TTP (Fig. 4D). The CENP-E protein was bound to the TTP
promoter (Fig. 4E). We used a TTP primary antibody to immunoprecipitate the bound RNA. The results
demonstrated considerable mRNA expression of PD-L1 in IP samples, which indicates the interaction
between TTP and the mRNA of PD-L1 (Fig. 4F). Therefore, CENP-E stabilized PD-L1 mRNA via the 3’UTR,
which was mediated by TTP. All of these �ndings show that CENP-E bound and induced of the
transcription of TTP, and the inhibition of CENP-E stabilized PD-L1 mRNA by TTP targeting of the 3’UTR.

Synergy between CENP-E inhibition and PD-L1 mAbs enhanced the antitumor effect.

Our previous data demonstrated that GSK923295 induced PD-L1 expression in A549 cells and resulted in
immunosuppression. This pathway may be the mechanism for future resistance, and the high expression
of PD-L1 may indicate that the patient would bene�t from an anti-PD-L1 antibody. We cultured A549 cells
with mononuclear cells isolated from non-small cell lung cancer patient MPE to investigate the e�cacy of
the combination therapy of GSK923295 and an anti-PD-L1 antibody atezolizumab. The results showed
no difference between A549 cells treated with an anti-PD-L1 antibody and no treatment. GSk923295
slightly suppressed the colony formation ability of A549 cells, and the treatment of GSK923295
combined with anti-PD-L1 antibody inhibited colony formation activity more e�ciently (Fig. 5A). Control
and CENP-E knockdown Lewis lung cancer-bearing mice were treated with PD-L1 antibodies. CENP-E
knockdown without anti-PD-L1 antibody treatment and PD-L1 treatment alone in control mice suppressed
tumor growth to some extent, and anti-PD-L1 antibody treatment in CENP-E knockdown mice inhibited the
tumor growth more obviously (Fig. 5C and D). Survival was also signi�cantly improved by the
combination treatment of PD-L1 antibodies with CENP-E knockdown (Fig. 5E). Tumors treated with the
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anti-PD-L1 antibody enhanced the effector CD8 + T cell response, and the tumor-in�ltrating Treg response
was impaired. (Fig. 5F and G).

High expression of CENP-E indicated poor prognosis in lung cancer.

We analyzed the expression of CENP-E in lung cancer using the website UALCAN and found obvious high
expression of CENP-E in lung adenocarcinoma and squamous cell carcinoma. The expression of CENP-E
was 5.8-fold higher in lung adenocarcinoma tissues than normal tissues (0.304 vs. 2.073, p < 0.0001).
The expression of CENP-E was 13.5-fold higher in lung squamous cell carcinoma tissues than normal
tissues (0.385 vs. 5.571, p < 0.0001)(Fig. 6A). We used the TCGA database to analyze the expression
levels of various tumor CENP-E proteins in patients. We found high expression of CENP-E in lung cancer,
colon cancer, breast cancer, stomach cancer, urothelial cancer, testicular cancer and melanoma (Fig. 6B).
However, further analysis found that CENP-E was only related to the prognosis of lung cancer (Fig. S1).

To explore the prognostic signi�cance of CENP-E in lung cancer patients, bioinformatic analysis was
conducted using the website Kaplan-Meier Plotter. Lung cancer patients with high CENP-E expression had
better outcome than patients with low CENP-E expression, including FP (�rst progression) (10 months vs.
28 months, p < 0.0001), OS (overall survival) (45 months vs. 96 months, p < 0.0001) and PPS (post
progression survival) (10.6 months vs. 19.47 months, p = 0.012) (Fig. 6C). Collectively, all of the TCGA
data suggested the prognostic value of CENP-E in lung adenocarcinoma patients.

Bioinformatic analysis was performed using the website R2: Genomics Analysis and Visualization
Platform to explore the relationship between the expression of CENP-E and immune molecules.
Surprisingly, the results indicated that CENP-E in lung cancer tissues negatively correlated with
checkpoint PD-L1 (CD274), the ligand of TIM3 galectin-9 and the ligand of BTLA HVEM. CENP-E in lung
cancer tissues positively correlated with the immunostimulating cytokines IL2 and IL12B and negatively
correlated with the immunosuppressive factor TGFB (Fig. 6D). Therefore, our results demonstrated the
relationship between CENP-E and the outcome of patients and the expression of immune checkpoint and
cytokines in lung cancer. All of these results suggest that a CENP-E inhibitor would exhibit anti-tumor
effects and upregulate PD-L1-induced immunosuppression in lung cancer. Elevated PD-L1 levels provide
a possible strategy for combination immunotherapy, and this combination of immunotherapeutic
strategies may offset the negative effects of a CENP-E inhibitor on its immune-mediated antitumor
abilities in lung cancer treatment.

Discussion
Our study demonstrated the expression and prognostic signi�cance of CENP-E in lung cancer. The
inhibition of CENP-E stabilized PD-L1 mRNA via TTP targeting of the 3’UTR and subsequently induced
PD-L1 expression, which inhibited the antitumor immunity. The combination of GSK923295 and an anti-
PD-L1 antibody improved the antitumor e�cacy. Our data determined the effect of CENP-E in the lung
cancer immunomicroenvironment, and provided evidence for the use of combination therapy of
GSK923295 and checkpoint inhibitors, including an anti-PD-L1 antibody, in NSCLC.
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According to our bioinformatic analysis, the expression of CENP-E was upregulated in lung
adenocarcinoma and squamous cell carcinoma and negatively correlated with the prognosis of lung
cancer patients. These results are consistent with other previously reported research. Tomoshige and
colleagues indicated that CENP-E somatic mutation was related with familial lung cancer.8 Researchers
also reported the high expression of CENP-E in lung adenocarcinoma and squamous cell carcinoma
compared to that in normal tissues.10 Our research is consistent with these previous results. Our analysis
was based on the latest data from TCGA and enrolled more cases. In addition to the expression of CENP-
E in lung cancer, we analyzed the relationship between CENP-E expression and patient prognosis,
including short-term prognosis �rst progression (FP) and long-term prognosis overall survival (OS). We
also analyzed the relationship between the expression of CENP-E and immune molecules, which was not
reported previously. Our preliminary research on the relationship between CENP-E and immune molecule
expression suggested a link between CENP-E and the immunomicroenvironment, which lays the
foundation for the in�uence of CENP-E in antitumor immunity.

Genetic alterations in lung cancer cells may be closely related with the lung cancer microenvironment.
Antitumor treatment, including chemotherapy and targeted therapy, may also result in
immunosuppression and resistance. The immunoregulatory function of CENP-E in malignancies and
other diseases was not reported. We speculated that CENP-E regulated antitumor immunity via PD-L1.
Our previous bioinformatic analysis on the relationship between CENP-E and immune molecule
expression demonstrated a link between CENP-E and the immuno-microenvironment. The present study is
the �rst study to investigate the impact of CENP-E on PD-L1 expression. The inhibition of CENP-E induced
the expression of PD-L1 in lung cancer cells. This inhibition may result in PD-LI-mediated
immunosuppression and lead to the recurrence and progression of lung cancer.

In�ammatory factor signaling pathways, oncogene signaling pathways, posttranscriptional regulation,
and microRNAs participate in the regulation of PD-L1.21–24 According to the upregulation of PD-L1
expression at the mRNA and protein level, CENP-E may regulate PD-L1 via a transcriptional or
posttranscriptional manner. Our research revealed that the inhibition of CENP-E stabilized PD-L1 mRNA in
the 3’UTR targeted by TTP. The regulation of the 3’UTR for PD-L1 expression and the function of TTP in
the stability of PD-L1 mRNA were reported in lymphoma and gastric cancer.25,26 However, their role in PD-
L1 mRNA in lung cancer was not known. Our study presented the importance of the 3’UTR targeted by
TTP for the stability of PD-L1 mRNA in lung cancer.

The binding of PD-L1 with PD-1 inhibits the immune activity of T cells, suppresses the activation and
proliferation of T cells and leads to the apoptosis of T cells.18 Our research treated A549 cells with
GSK923295, which reduced the ratio of CD8+ T to CD4+ T cells and induced the apoptosis of CD8+ T and
CD4+ T cells, especially CD8+ T cells. This result indicated that the GSK923295-induced high expression
of PD-L1 decreased the ratio of CD8+ T to CD4+ T cells, likely via the induction of T cell apoptosis. The
binding of PD-L1 with PD-1 also suppresses immunity via other immune cells. PD-L1 on the surface of
dendritic cells stimulates the differentiation of Foxp3+ T cells. The knockdown of PD-1 in CD4+ T cells
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inhibits their differentiation into peripheral Tregs, which indicates the signi�cant value of the PD-L1/PD-1
pathway in the differentiation of peripheral Tregs.27 Consistent with their research, our data demonstrated
that the high expression of PD-L1 in A549 cells elevated the proportion of Tregs, which indicates the
importance of PD-L1/PD-1 for the maintenance of Tregs. Wood’s study veri�ed that GSK923295
suppressed the tumor growth in an A549 lung cancer nude mice model.28 To investigate the in�uence of
CENP-E on the lung cancer microenvironment, we also established a Lewis lung cancer model in immune-
intact C57 mice. Similar to Wood’s research, we also found that the knockdown of CENP-E suppressed
tumor growth and decreased the in�ltration of CD8+ T cells and its secretion of IFN-γ, accompanied with
an elevation of Tregs. These effects on immunity were totally unexplored previously.

Checkpoint inhibitors have made great progress in NSCLC treatment. However, primary and secondary
resistance restrict their application in lung cancer.19 The combination of checkpoint inhibitors and other
treatment strategies, such as radiotherapy, chemotherapy, targeted therapy and other immunotherapy,
may be a solution.20 Sheng and Luo suggested that patient with an upregulation of MHC I and PD-L1 in
cancer cells may bene�t from PD-1/PD-L1 antibodies.15,29 In our study, the increase in PD-L1 expression
in A549 cells induced by the CENP-E-speci�c inhibitor GSK923295 altered immune cells, including T cells
and Tregs, and led to immunosuppression. The inhibition of CENP-E also elevated the expression of MHC
I. These data indicated better treatment e�cacy of GSK923295 when combined with an anti-PD-1/PD-L1
antibody. Our further in vitro and in vivo experiments veri�ed our speculation. We explored the
combination treatment of CENP-E inhibition or knockdown using an anti-PD-L1 antibody in lung cancer
for the �rst time. Our data provide evidence for the use of the CENP-E-speci�c inhibitor GSK923295 as a
single agent or in combination with immunotherapy, including checkpoint inhibitors, in NSCLC.

Conclusions
Our research was the �rst study to explore the immuno-regulatory function of CENP-E inhibition in lung
cancer, and we demonstrated that the combination of CENP-E inhibition with an anti-PD-L1 antibody in
lung cancer improved antitumor e�ciency. PD-L1 upregulation is a biomarker for the e�cacy of anti-PD1
and anti-PD-L1 combination therapies,30 and our study provides a safe and effective strategy to
overcome CENP-E inhibitor resistance with the combination of anti-PD1 or anti-PD-L1 therapy. The
encouraging preclinical data warrants further testing of this strategy in clinical trials for NSCLC.31
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Figure 1

The role of a CENP-E inhibitor in lung cancer cells. (A) The IC50 of the CENP-E inhibitor GSK923295 in
A549 and H522cells at 72 h. (B-C) The proliferation activity of A549 and H522 cells after treatment with
GSK923295. (D) The colony formation activity of A549 and H522 cells after treatment with GSK923295.
(E) The cell cycle distribution of A549 and H522 cells after treatment with GSK923295. Values are the
means ± SD of three replicates. * p <0.05,** p <0.01, *** p < 0.001 compared to the control.
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Figure 2

The inhibition of CENP-E induced the expression of PD-L1. (A) The changes in A549 cell mRNA caused by
CENP-E inhibition with 100 nM/L GSK923295 (n=3). (B) The expression of immune molecules and genes
regulating PD-L1 in A549 cells treated with 100 nM GSK923295 (n=3). The RNA sequencing heat-maps in
(A) and (B) show the data from three individual experiments. (C) qPCR and WB analyses of PD-L1
expression in A549 cells treated with 0, 12, 25, 50 and 100 nM/L GSK923295 (n=3). (D) qPCR and WB
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analyses of PD-L1 expression in H522 cells after inhibition of CENP-E (n=3). Data in (C) and (D) are
shown as the means ± SD of three individual experiments.(E) The mean �uorescence intensity (MFI) of
PD-L1 and MHC I in A549 and H522 cells treated with GSK923295 using FACS analyses (n=3). Data are
shown as the means ± SD of biological triplicates. (F) The expression of CENP-E and PD-L1 in human
lung tumor tissues (n=4). (Unpaired, two-tailed Student’s t test. ns=not signi�cant, * p < 0.05, **p < 0.01,
*** p < 0.001.)

Figure 3
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CENP-E signal inhibition induces T cell suppression in vitro and in vivo. (A) Changes in the ratio of CD8+
T cells to CD4+ T cells in a coculture system of immune cells isolated from malignant pleural effusion
(MPE) and A549 cells treated with 50 nM/L and 100 nM/L GSK923295 (n=3). (B) Apoptosis of CD8+ T
cells and CD4+ T cells in a coculture system of immune cells and A549 cells treated with GSK923295
(n=3). (C) Changes in the proportion of Tregs in the coculture system of immune cells and A549 cells
treated with GSK923295 (n=3). Data in (A)-(C) are shown as the means ± SD of biological triplicates. (D)
The tumor growth and survival curves for A549 cells subcutaneously transplanted into nude mice via
intraperitoneal injection with PBS or GSK923295 (125 mg/kg, each injection is marked with arrows) (n=5
per group). Means ± SD. (E) The e�cacy of CENP-E knockdown veri�ed using Western blotting (n=3).
Means ± SD of biological triplicates. (F) The tumor growth and survival curves for control and CENP-E
knockdown Lewis cells subcutaneously transplanted into C57BL/6 mice (n=5 per group). Means ± SD.
(G)-(I) FACS analysis of CD8+ T cells. (G) IFNγ+ T cells and Tregs in the Lewis C57BL/6 mice model (n = 5
per group). Means ± SD. (Unpaired, two-tailed Student’s t test. Ns=not signi�cant, * means p < 0.05, **
means p < 0.01, *** means p < 0.001.)

Figure 4
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The inhibition of CENP-E-stabilized PD-L1 mRNA by TTP targeting of the 3’UTR. (A)The e�cacy of CENP-
E knockdown veri�ed using Western blotting (left), qPCR analysis of PD-L1 mRNA stability after the
addition of actinomycin D (ACTD 5 μM/L) in A549 cells treated with or without GSK923295 (100 nM/L)
(n=3). Data are shown as the means ± SD of biological triplicates. (B) Normalized luciferase activity in
A549 cells from wild-type or mutant PD-L1 3’UTR reporters, 48 h after treatment (n=3). (C) The e�cacy of
TTP or UPF1 knockdown veri�ed using Western blotting (left), qPCR analysis of PD-L1 mRNA expression
in A549 cells after the knockdown of TTP and UPF1 (n=3). (D) The e�cacy of TTP over-expression
veri�ed using Western blotting (left), The mRNA expression of TTP after treatment with GSK923295 (100
nM/L) and PD-L1 mRNA expression after the overexpression of TTP (n=3). (E) CENPE ChIP DNA from the
A549 cells were subjected to qPCR to validate the same binding regions of several target TTP genes. (F)
qPCR analysis of the RNA- immunoprecipitates from A549 cells (n=3). Data in (A)-(F) are shown as the
means ± SD of biological triplicates. Unpaired, two-tailed Student’s t test. (ns=not signi�cant, *p < 0.05,
**p < 0.01, ***p < 0.001.)
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Figure 5

CENP-E inhibition combined with anti-PD-L1 antibodies enhanced the antitumor effect. (A) The colony
numbers of A549 cells treated with the CENP-E inhibitor GSK923295 (50 nM/L) and anti-PD-L1 antibody
(10 μg/ml) in a coculture system of A549 and immune cells isolated from MPE at ratios of 1:12, 1:25,
1:50 and 1:100 (n=3). Data are shown as the means ± SD of biological triplicates. (B) Schematic of drug
intervention protocol for the PDL1 antibody in C57BL/6 mice, the C57BL/6 mice subcutaneously
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transplanted with control- or CENP-E knockdown- Lewis cells were then intraperitoneally injected with
control IgG or anti-PD-L1 antibody (200 μg per mice, each injection is marked with arrows) . (C) The tumor
weight at 30 days after the mice in (B) were sacri�ced (n = 5 per group). Means ± SD. (D)The tumor
growth curves for. Means ± SD. (D-E) The survival curves for the Lewis lung tumor mice models
established and treated using the same method described in (B) (n = 5 per group). (F-G) Tumor in�ltration
of CD107/CD8 T cells and Foxp3/CD4 T cells in conshCENP-E group, shCENP-E group, conshCENP-E+
anti-PDL1 group and shCENP-E +anti-PDL1 group of tumor-bearing mice, treated as indicated in (B). H
The model of the inhibition CENPE signal and immune response. Means ± SD. (Unpaired, two-tailed
Student’s t test. *p < 0.05, ** p < 0.01, *** p < 0.001.)
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Figure 6

The expression and the correlation between CENP-E and clinical outcome and the expression of immune
molecules in lung cancer. (A) The expression of CENP-E in lung tumor tissues on UALCAN. (B) The
expression of CENP-E in lung cancer and other cancers (data from The Human Protein Atlas). (C) The
prognostic value of CENP-E in lung cancer patients from the website Kaplan-Meier Plotter. (D) The
relationship between the expression of CENP-E and immune molecules, including checkpoint molecules



Page 23/23

PD-L1 (CD274), galectin-9 and HVEM (the upper row), and cytokines IL2, IL12B, TGFB1 (the lower row).
(*** p < 0.001.)
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