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ABSTRACT

Radiation resistance results in the recurrence and metastasis of non-small cell lung cancer (NSCLC) after
radiotherapy. A major cause of radiation resistance is subversion of immune surveillance and clearance.
Although our previous research has demonstrated that programmed death-ligand 1 (PD-L1) is respon-
sible for radiation resistance in NSCLC, PD-L1 alone was not a reliable predictor of radiotherapy efficacy.
For further exploration of the predictors of radiotherapy efficacy, which could add accuracy to the single
biomarker - PD-L1, immunoprecipitation followed by mass spectrometry assay was performed to identify
proteins that interact with PD-L1, and flotillin-1 (FLOT1) was detected as a candidate. However, the role of
FLOT1 in radiation resistance in NSCLC is largely unknown. Here, we defined FLOT1 as a positive regulator
of PD-L1 at the cell level, and the expression of PD-L1 was reduced following FLOT1 depletion.
Furthermore, we found that the knockdown of FLOT1 impeded radiation-mediated cell migration and
epithelial-mesenchymal transition process. Moreover, FLOT1 depletion enhanced radiation-induced DNA
damage, thereby increasing the radiation lethality for NSCLC cells and promoting radiation-mediated
tumor regression in animal models and patients with NSCLC. Furthermore, FLOT1 depletion-boosted
DNA damage activated STING signaling pathway and promoted the production of CCL5 and CXCL10 that
can drive CD8+ T lymphocytes chemotaxis, thereby reprogramming tumor immune microenvironment
and triggering the antitumor immune response. Indeed, FLOT1 expression correlated with infiltration of
immune cells in NSCLC tumor tissue samples. Taken together, our findings reported an unexplored role of
FLOT1 in radiotherapy and also provided an evidence base for FLOT1 as a promising biomarker to predict
the response to radiotherapy and a potential therapeutic target for enhancing radiotherapy effects.
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Introduction PD-1/PD-L1 co-location was significantly correlated with the
outcomes of NSCLC treated with anti PD-1/PD-L1 therapies.®
Our previous study discovered that NSCLC cells surviving
from radiotherapy showed higher expression of PD-L1 to
resist radiation through stimulating cell migration, facilitating

the epithelial-mesenchymal transition (EMT), suppressing

Lung cancer remains the leading cause of cancer mortality
worldwide, accounting for 18.0% of the total cancer deaths.'
Almost 85% of all lung cancer cases are categorized as NSCLC.?
Radiotherapy plays an important role in the treatment of

NSCLC patients with different stages, whereas the efficacy is
restricted due to inherent or acquired radioresistance mediated
by cell-intrinsic factors and extracellular microenvironment,
particularly the immune microenvironment.’

PD-1 expressed by immune cells can interact with PD-L1
expressed by tumor cells, which inhibits anti-tumor immunity
and contributes to immune evasion. The use of inhibitors of
programmed cell death protein 1 (PD-1) and programmed cell
death ligand 1 (PD-L1) has become the standard therapy for
the first- or second-line treatment of NSCLC, despite that the
efficacy of immunotherapy with chemotherapy was not
improved compared with chemotherapy alone in some
studies.* Moreover, the level of PD-L1 is currently utilized as
a biomarker to evaluate the efficacy of anti-PD-1/PD-L1 ther-
apy in NSCLC in the clinic.” Niki et al. found that the level of

apoptosis, and promoting immune escape. Moreover,
NSCLC patients with positive PD-L1 expression had a poorer
prognosis than those with negative PD-L1 expression follow-
ing radiotherapy.”® However, in the PACIFIC study, patients
with PD-L1 expression levels lower than 25% obtain similar
survival benefits to patients with higher PD-L1 levels, which
demonstrated that PD-L1 alone was not a reliable predictor of
radiotherapy efficacy. To further explore the novel predictors
to complement the prediction effect of PD-L1, immunopreci-
pitation followed by mass spectrometry (IP-MS) assay was
performed to identify the potential proteins that bound and
interact with PD-L1. Based on the MS analysis, a total of 29
proteins were considered as candidates (Supplementary mate-
rial 1). We eventually focused our research on FLOTI,
a marker of lipid raft. The major reasons include the following

CONTACT Xiaomei Gong @ gongxiaomei1981@163.com @ Department of Radiation Oncology, Shanghai Pulmonary Hospital, Tongji University School of

Medicine, No 507 Zhengmin Road, Yangpu District, Shanghai 200433, China

Supplemental data for this article can be accessed online at https://doi.org/10.1080/15384047.2023.2203332

© 2023 The Author(s). Published with license by Taylor & Francis Group, LLC.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been published allow the posting of the Accepted Manuscript in

a repository by the author(s) or with their consent.


http://orcid.org/0000-0002-3043-9562
https://doi.org/10.1080/15384047.2023.2203332
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/15384047.2023.2203332&domain=pdf&date_stamp=2023-05-02

2 (&) Y.WANGETAL

two aspects: on the one hand, FLOT1 performs a unique
function in maintaining protein stability and modulating pro-
tein expression levels through mediating internalization, recy-
cling, lysosomal targeting, and redistribution of protein
molecules.””'" On the other hand, evidence increasingly sup-
ports that FLOT1 correlates with tumor malignancies, such as
cell proliferation and tumor growth,'>'> cell invasion and
metastasis,"* and poor prognosis and low survival rate.'>'°
However, there is a lack of evidence that FLOT]1 is involved
in radioresistance in NSCLC.

Radiotherapy induces the activation of both innate and
adaptive immune responses against tumors through stimulat-
ing the cGAS/STING signaling pathway, which is attributed to
radiation-induced DNA double-strand breaks (DSBs).!”
Mitotic progression following DSBs leads to the formation of
micronuclei containing DNA.'® Breakdown of micronuclear
envelope exposes DNA to cytosolic DNA sensor cGAS."
cGAS/STING pathway-mediated CCL5, CXCL10, and type
I interferon (IFN) contribute to the chemotaxis and activation
of CD8+ T lymphocytes, respectively,”® which reprograms
tumor immune microenvironment and enhances antitumor
immune response. Here, we found that the depletion of
FLOT1 boosted radiation-induced DNA damage, hence it is
worth exploring whether FLOT1 regulates the STING signal-
ing pathway and the transition from an immunogenic tumor
to a non-immunogenic tumor in NSCLC.

This study mainly explored the relationship between
FLOTI expression and radioresistance in NSCLC and then
investigated the underlying molecular mechanisms. We finally
demonstrated that FLOT1 might enhance radioresistance
through facilitating EMT process, suppressing radiation-
induced DNA damage, and reprogramming the tumor
immune microenvironment via STING signaling pathways in
NSCLC. Collectively, these results indicated that FLOT1 was
a potential biomarker to predict the efficacy of radiotherapy in
clinics. Furthermore, our findings provided a strong rationale
for eliminating the radiation resistance by targeting FLOT1
expression.

Results

FLOT1 expression was increased in radioresistant NSCLC
cells

To determine the potential binding proteins of PD-L1 and
further identify the biomarkers of patients’ response to radio-
therapy, IP-MS was performed to identify the potential pro-
teins that interact with PD-L1. Given that FLOT1 was reported
to facilitate tumor development by regulating protein stability,
FLOT1 was selected, from 29 protein molecules detected by
IP-MS (Supplementary material S1), as the subject in this
study. Subsequently, the interaction of FLOT1 with PD-L1
identified in MS was further validated by Co-IP assays. As
shown in Figure la, the interaction between FLOT1 and PD-
L1 was observed in endogenous Co-IP, although the interac-
tion was modest in parental A549 cells compared with radio-
resistant A549/X cells. Moreover, Flag-tagged FLOT1 was
overexpressed by the presence or absence of HA-tagged PD-
L1 in HEK293T cells and monitored for interaction through

immunoprecipitation with anti-Flag antibody followed by
immunoblotting with anti-HA antibody. We found that PD-
L1 was pulled down by FLOT1 (Figure 1b), implying
a protein-protein interaction between FLOT1 and PD-LI1.
Similarly, anti-HA immunoprecipitates from HEK293T cells
transfected with HA-tagged PD-L1 and Flag-tagged FLOT1
were subjected to immunoblotting using anti-Flag antibody.
As expected, the result also indicated that FLOT1 is bound
with PD-L1 (Figure 1b).

To further investigate the regulatory relationship between
FLOT1 and PD-L1 expression, the following experiments were
performed. Our results showed that radioresistant cell lines
A549/X and H520/X presented higher expression of PD-L1
and FLOT]1 than parental cells (Figures 1c,d), suggesting that
FLOT1 might be involved in radiation resistance. In tumor
tissues from NSCLC patients, FLOT1 was dramatically upre-
gulated compared to their matched adjacent normal lung
tissues. Interestingly, the expression of PD-L1 was higher in
tumor tissues with FLOT1 high relative expression than low
relative expression (Figure le). More importantly, total cellular
PD-L1 protein was dramatically reduced following transfect-
ing shRNA targeting FLOT1 in A549/X cells (Figure 1f).
Moreover, the PD-L1 protein expression was significantly
upregulated at the 12th hour after radiation in A549/X cells
with control shRNA, compared with A549/X cells with deple-
tion of FLOTI1 (Figure 1g). Taken together, these findings
indicated that FLOT1 positively regulated the expression of
PD-L1 and might be responsible for radiation resistance.

FLOT1 knockdown alleviated radioresistance by
inhibiting cell migration and impeding EMT

To investigate the effect of FLOT1 on radiation resistance, we
prepared FLOT1 knockdown shRNAs and further transfected
them to A549/X and H520/X cells by lentivirus infection, then
detected the knockdown efficiency by Western blotting
(Figure 2a). Cell single colony with the highest knockdown
efficiency was used for subsequent studies. Interestingly, we
found morphological changes from the typical spindle-like
shape (mesenchymal morphology) of A549/X and H520/X
cells to the cobblestone-like shape (epithelial morphology) of
FLOT1 knockdown A549/X and H520/X cells (Figure 2b),
suggesting that FLOT1 may endow cancer cells with EMT
properties.

There is accumulating evidence that EMT closely partici-
pated in NSCLC radioresistance.”’ > Our previous studies
also demonstrated that cells treated with radiation showed
EMT,”® with concomitant upregulation of Vimentin,
N-cadherin, and Snail and downregulation of E-cadherin. In
this study, a typical MET phenotype, enhanced expression of
epithelial marker (E-cadherin) and decreased expression of
mesenchymal markers (N-cadherin, Vimentin, and Snail),
was observed in FLOT1 knockdown A549/X and H520/X
cells (Figure 2¢). Equally, the immunofluorescence assay pre-
sented similar results of Vimentin expression (Figure 2d).
These findings indicated that silencing FLOT1 might promote
radiosensitivity via impeding radiation-induced EMT.
Subsequently, wound healing assay was performed to examine
the role of FLOT1 in radiation-induced cell migration. The
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Figure 1. The expression of PD-L1 was reduced following FLOT1 depletion. (a) Endogenous Co-IP reactions of FLOT1 with PD-L1 in A549 and A549/X cells. (b)
Immunoblot results of the whole cell lysates (WCL) and anti-Flag/anti-HA immunoprecipitates from HEK293T cells transfected with Flag-FLOT1 plus HA-PD-L1, Flag-
FLOT1 plus HA-vector, and HA-PD-L1 plus Flag-vector, respectively. (c and d) Western blotting analysis of FLOT1 and PD-L1 expression in parental cells and
radioresistant cells (A549 vs. A549/X; H520 vs. H520/X). (e) Western blotting analysis of FLOT1 and PD-L1 expression in three paired primary NSCLC tissues (T) and
matched adjacent nontumor tissues (N) from the same patient. (f) Western blotting analysis of FLOT1 and PD-L1 expression in A549/X cells transduced with shRNA
targeting FLOT1 or control shRNA. (g) Western blotting analysis of FLOT1 and PD-L1 expression after ionizing radiation (6 Gy) in A549/X cells transduced with shRNA
targeting FLOT1 or control shRNA. Each experiment was performed in triplicate. Relative expression was represented by the ratio of the gray values for the target
protein and internal reference. The protein fold change was calculated and annotated under the target bands. The fold-change thresholds had to be greater than 1.2 or
lower than 0.8 with a P-value<0.05. The values were presented as the mean + SD. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

results showed that radiotherapy plus silencing FLOT1 signif-
icantly inhibited cell migration capacity, and the wound heal-
ing percentage in A549/X sh-Control, sh-FLOT1, sh-Control
plus radiation, and sh-FLOT1 plus radiation group was
58.00%, 32.20% (p = 0.0029), 55.33% (p =0.0029), and 11.35%
(p=0.0004), respectively. The wound healing percentage in
the four groups of H520/X was 62.18%, 35.56% (p =0.0168),
58.26% (p=0.1739), 30.90% (p=0.0009), respectively
(Figure 2e). Taken together, these data demonstrated that
FLOT1 endowed cancer cells with EMT properties, and
FLOT1 knockdown inhibited cell migration and alleviated
radioresistance in NSCLC cells.

Effect of FLOT1 on the lethality of radiation in vitro and
in vivo

Next, we examined the cell survival fraction of A549 and H520
after delivery of radiation ( 2 Gy of radiation), and the respec-
tive survival fractions were 89% and 73% (p=0.0371). We
further evaluated the protein expression of FLOTI in A549

and H520 cell lines before radiation. The data showed that
FLOT1 expression in human NSCLC cell lines was positively
correlated with the survival fraction, suggesting that FLOT1
might induce resistance to radiation (Figure 3a). Furthermore,
the MTS assay also showed that silencing FLOT1 increased the
radiation lethality in NSCLC cells (Figure 3b). Next, the colony
formation assay result showed that a lower survival fraction
was seen in the sh-FLOT1 group after conventionally fractio-
nated radiotherapy, compared with the sh-Control group
(Figures 3c), indicating that the depletion of FLOTI had
a synergistic effect with radiation on killing of NSCLC cells.
It is noteworthy that the trend of radio-sensitization was more
significant in the colony formation assay compared with the
radio-sensitization in MTS assay. This could be a consequence
of the longer observation time and the higher radiation dosage
of the clone formation experiment. Collectively, these results
suggested that FLOT1 plays a critical role in the antitumor
response to radiotherapy.

In the animal model, we randomly divided the nude mice
into four groups: alone injected with FLOT1 overexpression
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Figure 2. FLOT1 knockdown inhibited cell migration and impeded EMT of NSCLC cells. (a) Knockdown of FLOT1 in three specific shRNA-transduced stable radioresistant
A549/X and H520/X cells. (b) Representative morphological images of the indicated NSCLC cells. (c) Western blotting analysis of EMT markers (E-cadherin, N-cadherin,
Vimentin, and Snail) in the indicated cells. (d) Immunofluorescence images of Vimentin in the indicated cells. () Wound healing assay was performed to assess the
migration of A549/X and H520/X cells with different treatments. Each experiment was performed in triplicate, and the values were presented as the mean + SD. **p <

0.01; ****p < 0.0001; not significant (n.S); as compared with sh-Control group.

A549 cells; injected with FLOT1 overexpression A549 cells
plus radiotherapy; alone injected with parental A549 cells;
and injected with parental A549 cells plus radiotherapy. The
overexpression efficiency of FLOT1 in A549 cells was detected

by Western blotting (Figure 4a). Treatment schedule and
tumor growth curves are exhibited in Figures 4b,c.
Comparative analyses showed that the cancerous lesion pre-
sented a larger dimension in the FLOT1 overexpression group



CANCER BIOLOGY & THERAPY 5

=
S
8 A549/X H520/X ke
g o Je ke Kk gk
&= 2.07] w== sh-Control * 2.07] w== sh-Control dkkk Xk
© — .53
= w— sh-FLOT1 o w— sh-FLOT1
g = sh-Control+2Gy Lt = sh-Control+2Gy =
P 157 e sh-FLOTI426y 1.5 == sh-rLOTI+20y

£ £

c c

210 310

& & &S

I I

o (=]

(o] (o]

0.5+ 0.5+ =
0.0~

& - b
sh-Control LS";"

A 2
sh-FLOT1

(g
I~

sh-Control »f :

Oh 24h 48h 72h
A549/X
1 -e- sh-control
& - sh-FLOT1
S
T 0.1
X g
g 3
% T 0.014
< @
j 0.001 -
2 4 6
Dose(Gy)
H520/X
14 -e- sh-control
-# sh-FLOT1
% §. =
| T 0.1 °
S & =
o
: % 0.014 .
0.001 T T T
0 2 4 6
Dose(Gy)
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compared to the control group. When combined with radio-
therapy, the control group exhibited robust efficacy of tumor
destruction, contrary to the FLOT1 overexpression group
(Figure 4d,e). In other words, radiation-induced antitumor
effect compromised with FLOT1 overexpression.
Furthermore, the IHC analyses showed a significantly higher
number of Ki67-positive cells in FLOT1 overexpression
tumors compared with tumors from the control group
(Figure 4f). Taken together, these results demonstrated that
FLOT1 contributed to the radioresistance of NSCLC cells
in vivo.

A total of 10 patients with NSCLC who received che-
moradiotherapy were enrolled. Their median age was 67
years (ranged 44 to 78). In these NSCLC patients, 80% of
the patients were males and all of them were never-
smokers. Furthermore, FLOT1 expression was evaluated
in all 10 patients. Staining of the specimens from 80% of
the patients (8 of 10) was scored as FLOT1 low or none
and those from 20% of the patients (2 of 10) was scored as
FLOT1 high. All the 10 patients were available for response
assessment after delivery of conventionally fractionated
radiotherapy. Five patients achieved a partial response,
three patients had stable disease, and two had progressive
disease as their best response. Therefore, the overall objec-
tive response rate (ORR) was 50.0%, and the disease

control rate (DCR) was 80.0%. Of note, the DCR (100%
versus 0% [p=0.002]) was significantly higher in patients
with low or none FLOT1 expression than high FLOTI
expression (Table 1), which suggested that FLOT1 expres-
sion was inversely correlated with the response to radio-
therapy in NSCLC patients.

FLOT1 was involved in DNA damage activated STING
signaling pathway and reprogrammed the tumor immune
microenvironment

Radiation kills cancer cells via inducing DNA damage
response. As shown in Figure 5a, overexpression of FLOT1
resulted in the lower level of phosphorylated H2AX (yH2A-X)
at 1h, 3h, and 6h after radiation than the pLVX-Control
group. In Figure 5b, A549/X cells with FLOT1 knockdown
had higher level of yH2AX at 1 h and 3 h after radiation than
the sh-Control group. The results indicated that FLOT1
knockdown promoted radiation-induced DNA damage,
thereby inhibiting cell proliferation and enhancing the lethality
of radiation. Moreover, A549/X cells presented lower yH2A-X
than parental cells under the same treatment condition
(Figure 5b), confirming the radioresistant characteristics of
the A549/X cells.
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Radiation-induced DNA damage leads to the activation of
the STING pathway,** which was confirmed in our study as
well (Figure 5c). FLOT1 depletion boosted radiation-induced
DNA damage. Hence, we sought to explore the effect of
FLOTI1 on STING signaling pathway. Figure 5d shows that
the phosphorylation of STING and TBK1 were significantly
decreased in pLVX-FLOT1 group after radiation, contrary to
the pLVX-Control group. However, the inhibition of FLOT1
showed the opposite effect on STING signaling in Figure 5e.

The STING pathway has been previously demonstrated to
dictate the transcription of chemokine CCL5, CXCL10, and
type I IEN.>® Our results showed that FLOT1 knockdown
caused significant increase in the mRNA expression of CCLS5,
CXCL10, and IFNBI in A549/X cells (Figure 5f). In short,
these findings suggested that FLOT1 depletion promoted
radiation-mediated activation of STING signaling pathway
and FLOT1 overexpression have the opposite effect on
STING signaling pathway activation.
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Table 1. Correlations between baseline characteristics, radiotherapy response, and FLOT1 expression in

patients with NSCLC.

FLOT1 Expression(N = 10)

Characteristic Overall High(2) Low/None(8) p Value
Age, y 0.236
>65 8 1 7

<65 2 1 1

Sex 0.429
Male 8 2 6

Female 2 0 2

Smoking Status -
Smoker 0 0 0

Never smoked 10 2 8

Histological type 0.153
ADC 4 2 2

SQCC 4 0 4

Other 2 0 2

T stage 0.534
T1 3 0 3

T2 4 1 3

T3 2 1 1

T4 1 0 1

N stage 0.076
NO 4 0 4

N1 2 1 1

N2 3 0 3

N3 1 1 0

N4 0 0 0

Stage 0.335
| 4 0 4

Il 2 1 1

11 0 0 0

\" 4 1 3

PD-L1 Expression 0.766
IHC O 4 1 3

IHC 1 2 0 2

IHC 2 1 0 1

IHC 3 3 1 2

Efficacy

PR 5 0 5

SD 3 0 3

PD 2 2 0

ORR 5 0 5 0.114
DCR 8 0 8 0.002

Abbreviations: IHC, immunohistochemistry; ADC, adenocarcinoma; SQCC, squamous cell carcinoma; PR,
partial response; SD, Stable disease; PD, progressive disease; ORR, objective response rate; DCR, disease

control rate.

STING and PD-L1 signaling pathways are pivotal players in
immune responses against tumors. Considering that FLOT1 is the
upstream signaling molecule of STING and PD-L1 signaling path-
way, we further explored whether FLOT1 was involved in the
immune regulation of tumor microenvironment. Figure 6 shows
that tumor foci with lower FLOT1 expression (Patient A vs.
Patient B) had more infiltration of CD8+ T cells, CD4+ T cells,
and CD68+ tumor-associated macrophages and less infiltration of
CD15+ neutrophils, indicating that FLOT1 induced immunosup-
pressive microenvironment and helped tumor to circumvent
immune surveillance.”**** Subsequently, we also observed that
tumor in a higher immune suppressive context had a higher Ki67
proliferation index (70% vs. 25%). Taken together, these data
suggested that FLOT1 decreased antitumor immunity and
enhanced radioresistance by regulating tumor microenvironment.

Discussion

From 29 potential candidates of PD-L1 interactors identified
by IP-MS analysis, we chose FLOTI, a key regulator in

endocytosis and degradation of proteins and T-cell
activation,”® to investigate its relationship with radioresis-
tance, which has not been explored by other researchers. In
this study, we demonstrated that the expression of FLOT1 is
inversely correlated with response to radiotherapy in NSCLC
cell lines, subcutaneous mouse xenograft tumor model, and
patients. Hence, FLOT1 may be a potential biomarker to
predict the response to radiotherapy. These are novel, pre-
viously undescribed functions of FLOT1 in NSCLC
radiotherapy.

Mechanistically, the radioresistant cells showed less
DNA damage than radioresistant cells with FLOT1 deple-
tion after radiotherapy. PD-L1 has been reported to protect
tumor cells from DNA damage after DNA-damaging
therapy.’® We, therefore, speculated that FLOT1 was
responsible for protecting DNA from damage by regulating
PD-L1 expression. Moreover, FLOT1 facilitated the EMT
process and stimulated cell migration in this research,
which was also one of the mechanisms by which FLOTI
enhanced radioresistance.
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Figure 5. FLOT1 depletion boosted DNA damage activated STING signaling pathway.

(a) Western blotting analysis of yH2AX at the indicated time points in A549 Plvx-

FLOT1 and Plvx-Control group cells. (b) Western blotting analysis of yH2AX at the indicated time points in A549 cell and A549/X sh-FLOT1 and sh-Control group cells
after 6 Gy radiation. (c) Western blotting analysis of FLOT1, STING, Phospho-STING, TBK1, and Phospho-TBK1 in A549 and H520 cells after 6 Gy radiation. (d) Western
blotting analysis of STING, Phospho-STING, TBK1, and Phospho-TBK1 in A549 Plvx-FLOT1 and Plvx-Control groups after 6 Gy radiation. (e) Western blotting analysis of
FLOT1, STING, Phospho-STING, TBK1, and Phospho-TBK1 in A549/X sh-FLOT1 and sh-Control groups after 6 Gy radiation. (f) The mRNA expression of CCL5, CXCL10, and
IFNB wasdetected by Qrt-PCR in A549/X cells with or without FLOT1 depletion after radiation. Each experiment was performed in triplicate, and the values were

presented as the mean = SD. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

In this study, considerable attention was focused not only
on the impact of FLOT1 on tumor cells directly but also on
the immune microenvironment that affects the radioresis-
tance in NSCLC. The STING pathway is a bridge to connect
innate and adaptive immunities.”" STING agonists have been
demonstrated to elicit or augment anti-tumor immune

responses in a myriad of pre-clinical studies® and exhibit
a synergistic effect with radiotherapy.** The currently pub-
lished phase I and dose-escalation clinical trials, however,
reveal that the clinical activity of STING agonists is far lower
than expected based on the potent antitumor activity
observed in pre-clinical models. The overall response rate
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Figure 6. The correlation between FLOT1 and tumor immune microenvironment. The anti-CD4, anti-CD8, anti-CD68, anti-CD15, and anti-FLOT1, anti-PD-L1, anti-Ki67
antibodies were used to detect infiltration of T cells, macrophages, neutrophils and the expression of FLOT1, PD-L1, and Ki67, respectively, in two representative
patients by IHC.
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is merely 2.1% (1 patient with partial response in 47 patients,
no complete response) in patients with single-agent MIW815
delivery.”>>> No complete or partial responses in MK-1454
monotherapy arm were observed (total 26 patients).”® In our
study, FLOT1 depletion enhanced the activation of STING
pathway by boosting DNA damage and increasing the accu-
mulation of dsDNA in cytoplasm after delivery of radiation,
which might compensate for the limitation of the exogenous
CDN delivery — low cell permeability and unsatisfied activa-
tion of human STING.”” Hence, the activation of STING
signaling and promotion of anti-tumor immunity through
inhibiting FLOT1 might provide new insights for anti-tumor
therapy in NSCLC.

Intriguingly, we observed that PD-L1 was reduced fol-
lowing FLOT1 depletion at the cell level; however, there was
no significant association between PD-L1 and FLOTI
expression in NSCLC patients (Table 1). For example,
FLOT1 expression was strongly positive on Patient B,
whereas PD-L1 expression of both Patient A with immune
promoting microenvironment (partial response to radio-
therapy) and Patient B with immunosuppressive microen-
vironment (progressive disease to radiotherapy) were
negative (TPS <1%) assessed by IHC. Growing evidence
has demonstrated that PD-L1 expression is not an ideal
biomarker to predict immune response.”® Consequently, it
is reasonable to speculate that the mechanism of immune
microenvironment regulation by FLOT1 does not strictly
depend on the PD-L1 signal pathway, and FLOT1 may
have a better predictive value than PD-L1 in radioimmu-
notherapy. In other words, the combined detection of
FLOT1 and PD-L1 will be a more reliable indicator for
therapy and prognosis in NSCLC.

In summary, this study is the first, to the best of our
knowledge, to unveil that NSCLC cells can elevate FLOT1
expression to launch a defense against radiotherapy through
stimulating cell migration, impeding radiation-induced
DNA damage, and inducing tumor immune desertification.
The molecular mechanisms mainly involved the activation
of the STING pathway. These findings provide a novel bio-
marker and potential therapeutic target for reducing radio-
resistance in NSCLC.

Materials and methods
Cell culture and establishment of radioresistant cells

A549, H520, and HEK293T cells were obtained from the
American Type Culture Collection (Manassas, VA).
Radioresistant cells were selected by conventionally fractio-
nated radiation in our laboratory as follows. A549 and H520
cells in the logarithmic growth phase received radiation from
a TrueBeam linear accelerator (Varian Medical Systems, Palo
Alto, CA, USA). The radiation field was 10 x 10 cm. The
source skin distance was 100 cm. Radiation was delivered at
2 Gy per fraction once a day for a total of 25 fractions. After
delivering 25 fractions, we subcultured cells every 3 days with
no more than 15 passages. We screened A549 and H520 radio-
resistant cells and named them A549/X and H520/X cell line,
respectively.

All cells were cultured in Dulbecco’s modified Eagle med-
ium (Hyclone, Logan, UT) containing 10% fetal bovine serum
(Life Technologies, Grand Island, NY) and 100 U/ml
Penicillin-Streptomycin (Hyclone, Logan, UT) at 37°C with
5% CO,. All cell lines used for research were cultured for fewer
than 20 generations and routinely screened to confirm the
absence of mycoplasma contamination.

Vectors, transfection, and retroviral infection

To silence endogenous FLOT1, three shRNA oligonucleo-
tides were synthesized. pLVX-FLOT1 overexpressing human
FLOT1 was generated by subcloning the polymerase chain
reaction-amplified human FLOT1 coding sequence into
a pLVX vector. The retroviral vectors mentioned above (2
pug) were transfected into HEK293T cells using the
Lipofectamine 2000 reagent (Invitrogen). The media con-
taining lentivirus was collected at 48 h and 72 h after trans-
fection and stored at —80°C. Retroviral infection was
performed using a viral supernatant supplemented with
polybrene (8 ug/ml, Santa Cruz Biotechnology) by incubat-
ing the cells. After overnight incubation, the medium was
aspirated and replaced with full medium. After 48 h, cells
were trypsinized and plated into new 24-well plates with
a culture medium containing 4 ug/ml puromycin. After 1
week of puromycin selection, cells were trypsinized and
plated on 96-well plates with an indicated density of 1 to 3
cells in one well. Culture medium containing 2 pug/ml pur-
omycin was used for continued selection. After 1 to 2 weeks,
many single colonies had formed. These single colonies were
initially transferred into 24-well plates and then later into
6-well plates for further expansion. Cell lysates from these
single colonies were prepared and used for Western blotting
to validate the FLOT1 knockdown and overexpression
effects in these cells. The oligonucleotide sequences of the
shRNA against FLOT1 and FLOT1 overexpression are pro-
vided in Table S1.

Colony formation assay

Colony formation assays were performed as previously
described.” The survival fraction of cells was calculated as
follows: survival fraction = the colony formation rate in the
treatment group/control group. Survival curves were fitted by
using the single hit multi-target model (Y =1 - (1 - exp (-k X x))
A N) with GraphPad Prism version 8.0.

MTS assay

Cells were seeded into 96-well plates at an indicated density of
1000 cells per well and were incubated in 100 pl of DMEM
containing 10% FBS. For different treatment conditions
described in the paper, each condition was replicated 6 times.
At different time points, MTS cell proliferation assays were
performed using CellTiter 96 AQueous One Solution Cell
Proliferation Assays (MTS) (Promega G3580) according to
the manufacturer’s instructions.



Wound healing assay

Wound healing assays were used to evaluate cell motility
induced by irradiation. Approximately 1 x 10° cells were pla-
ted in 6-well plates, a wound was scratched by a 10 pl pipette
tip when the cell layer reached about 90% confluence. After
aspirating the separated cells, the culture medium containing
1% FBS (2 ml/well) was added to 6-well plates, and then the
images were obtained by a microscope with a 4x objective at 0
h as a control. The cells were further cultured for 48 h at 37°C.
Then, the wound images of the same location were photo-
graphed again by a microscope with a 4x objective. At least
three fields were observed in each independent experiment.
The wound area was quantified by the Image J software, and
the percentage wound healing was calculated according to the
following formula: Percentage wound healing = [(AreaOh -
Aread8h)/AreaOh] x 100%.

Western blotting

Following the designated radiation treatment, RIPA lysis buf-
fer containing protease inhibitors and phosphatase inhibitors
was used to extract total protein from the cells at the indicated
time points. Protein concentration was determined using BCA
Protein Assay kit (Beyotime, China). The protocol used for
Western blotting was described previously.* The antibodies are
summarized in Table S2.

Real-time quantitative polymerase chain reaction
(QRT-PCR)

Total RNA was extracted using RNAiso Plus (Takara, Japan)
and quantified using a One DropTM OD-1000+
Spectrophotometer (One Drop, USA). Then, 100 ng of total
RNA was reverse transcribed into cDNA using NovoScript®
Plus All-in-One First-Strand ¢cDNA Synthesis SuperMix
(gDNA Purge) (Novoprotein, China). Subsequently, qRT-
PCR was performed using TB GreenTM Premix Ex TaqTM
(Tli RNaseH Plus) (Takara, Japan) with Stratagene Mx3000P
system (Agilent Technologies, USA). Each RNA sample was
run in three independent experiments. The forward and
reverse primer sequences are described in Table S3.

Co-Immunoprecipitation (Co-IP)

For endogenous protein interaction, cells were lysed in a lysis
buffer (the main components: 20 mM Tris (pH7.5), 150 mM
NaCl, 1% Triton X-100, 1 mM EDTA, and 1 mM of PMSF/
Cocktail) for 30 min on ice. Cellular debris was cleared by
centrifugation at 12,000 rpm for 10 min at 4°C, and 30 pl of
supernatants was used for immunoblotting. The remaining
lysates were used to perform IP reactions, incubated with
primary antibody on the rotating plate at 4°C overnight, fol-
lowed by the addition of 20 pl washed protein A/G agarose and
incubation for a further 3 h at 4°C. The immunocomplex was
quickly washed five times with 500 pl lysis buffer and eluted in
equal volume 2x loading buffer at 95°C for 10 min.

For Co-IP of exogenous protein interaction, the DNA frag-
ment of FLOT1-3Flag or PD-L1-3 HA was cloned into the
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pcDNA3.1 expression plasmid. HEK293T cells were seeded
in 6-well plates overnight and co-transfected with correspond-
ing constructs as shown in each figure (Flag-tagged FLOT1
was overexpressed with the presence or absence of HA-tagged
PD-L1 in HEK293T cells, or HA-tagged PD-L1 was overex-
pressed with the presence or absence of Flag-tagged FLOT1 in
HEK293T cells). The supernatants of cell lysates were har-
vested 48 h post-transfection in accordance with the proce-
dures described above. The remaining lysates were
immunoprecipitated with indicated antibodies magnetic
beads (anti-Flag or anti-HA) at 4°C overnight. Then, the
magnetic beads were washed five times with PBST (PBS con-
taining 0.1% Triton X-100) using magnetic stand and boiled in
loading buffer containing 5% B-mercaptoethanol for 5 min.
The precipitates were separated by SDS-PAGE and immuno-
blotted as described.

Immunofluorescence analysis

Cells were seeded on 35 mm glass-bottom cell culture dish
(NEST) and cultured overnight. Next, cells were washed three
times with 1 x PBS, fixed with 4% paraformaldehyde fix solution
for 10 min, washed three times with 1 x PBS, permeabilized with
0.1% Triton X-100 for 15 min, washed three times with 1 x PBS,
blocked with 1% bovine serum albumin in 1 x PBS for 1 h. To
analyze the role of FLOT]1 in epithelial-mesenchymal transition,
cells were incubated with anti-Vimentin antibody (Rabbit,
1:150, Signalway Antibody) overnight at 4°C. The secondary
antibody was FITC-conjugated goat anti-rabbit IgG (Yifeixue
Bio, China). Cells were restained with DAPI (Beyotime, China)
and imaged using Echo revolve fluorescence microscope (Echo-
lab Revolve, USA). Raw fluorescent cell images were analyzed in
the Image J software. Adjusted Vimentin fluorescence intensity
was calculated according to the following formula: Adjusted
fluorescence intensity = the integrated density of the selected
region — (area of the selected region x mean fluorescence of back-
ground readings).”**

Tumor growth and treatments

3-4 weeks, 12-15g, female, nude mice were purchased from
Shanghai SLAC Laboratory Animal Co., Ltd (SLAC, China).
All animal studies were approved by the Institutional Animal
Care and Use Committee of Tongji University School of
Medicine and were performed according to Institutional
Guidelines and Protocols. First, cells (3 x 10°) were subcuta-
neously injected into the right outer thighs of the nude mice.
When the tumor increased to 5-10 mm, tumor bearing mice
received 2 Gy of the fractionated radiotherapy per day for 5 days.

The longest dimension (L) and shortest dimension (W) of
tumor were measured three times per week with a digital
caliper, and the volume of tumor was calculated according to
the following formula: Tumor Volume (mm?>) = LxW?/2. All
nude mice were sacrificed after 2 months, and tumors were
harvested for immunohistochemical analysis. Ki67-positive
cells and cancer cells were counted, and Ki67 proliferation
index (percentage of Ki67-positive cells) calculated as Ki67-
positive cells/cancer cells x 100%.
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Patients and tissue collection

A total of 10 NSCLC patients who received chemoradiotherapy
were enrolled in the present study. Their tumor tissues were
derived from endobronchial ultrasound (EBUS) guided fine
needle aspiration or CT-guided percutaneous core-needle lung
biopsy before radiotherapy. All tissues were fixed in 10%
neutral-buffered formalin and stored as paraffin-embedded
archival (FFPE) samples. Moreover, all tissues were reviewed
by experienced pathologists for confirmation of histological
type and a tumor content higher than 30%. This study was
approved by the Ethics Committee of Shanghai Pulmonary
Hospital, Tongji University, and written informed consent
was obtained from each participant before any study-related
procedure.

Immunohistochemistry (IHC)

FFPE tissue blocks, 4 um thick, were transferred to glass slides,
and THC analyses were performed as previously described.”®
The antibodies are summarized in Table S4. Notably, the
degree of FLOT1 immunostaining in NSCLC was scored
based on both the proportion of positively stained tumor
cells and the intensity of staining. The proportion of tumor
cells was scored as follows: 0 (no positive tumor cells), 1 (<10%
positive tumor cells), 2 (10-50% positive tumor cells), and 3
(>50% positive tumor cells). The intensity of staining was
graded according to the following criteria: 0 (no staining); 1
(weak staining = light yellow), 2 (moderate staining = yellow
brown), and 3 (strong staining = brown). The staining index
(SI) was calculated as the staining intensity score proportion of
positive tumor cells. Specimens were scored as 0, 1, 2, 3, 4, 6,
and 9 determined by the staining index. As previously identi-
fied by Shi-Hong Zhang et, al, patients with the SI score > 4
were considered as high FLOT1 expression level and < 3
represented low or none FLOT1 expression.*!

Statistical analysis

Statistical analysis was performed using GraphPad Prism ver-
sion 8.0, and all experiments were repeated three times.
Quantitative values were presented as mean * standard devia-
tion (SD). A Student’s t-test was used for comparisons between
two groups. For all analyses, the P value less than 0.05 was
considered statistically significant, and P values were repre-
sented as *, *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001,
and not significant (n.s).
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NSCLC, non-small cell lung cancer; PD-L1, programmed cell death 1
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YH2AXx, phospho-histone H2Ax; cGAS, cyclic guanosine monopho-
sphate-adenosine monophosphate synthase; STING, stimulator of inter-
feron genes; TBK1, TANK binding kinase 1; IFN, interferon

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This study was supported by Shanghai Natural Science Foundation
(21ZR1453300), Shanghai Science and Technology Innovation Action
Plan (20Y11913600), Shanghai Municipal Health Commission
(202140256), Shanghai Pulmonary Hospital Backbone Program
(fkgg1808), and Shanghai Talents Development Fund Project (2021071).

Notes on contributors

Yingying Wang received the B.S. degree in Pharmacy from Henan
University, Kaifeng, China, in 2019 and the M.S. degree in Oncology
from Tongji University, Shanghai, China, in 2022. Her research focuses
on lung cancer and radiotherapy.

Lu Meng received the B.S. degree in Clinical Medicine from Southern
Medical University, Guangzhou, China, in 2020. She is currently working
toward the M.S. degree in Oncology with School of Medicine, Tongji
University, Shanghai, China. Her research interests include lung cancer,
radiotherapy and exosome.

Shuyan Meng received the M.S. degree in Internal Medicine from
Soochow University, Suzhou, China, in 2005 and the Ph.D. degree in
Respiratory Medicine from School of Medicine, Tongji University,
Sanghai, China, in 2010. In 2012-2013, she visited M.D. Anderson
Cancer Center as a visiting scholar. Now she is the deputy chief physician
of Tongji University-affiliated Shanghai Pulmonary Hospital, department
of oncology. Her research focuses on lung cancer, targeted therapy and
radiotherapy.

Litang Huang received the B.S. and M.S. degree in Clinical Medicine from
Southeast University, Nanjing, China, in 2018 and 2021, respectively. She
is currently working toward the Ph.D. degree in Oncology with the School
of Medicine, Tongji University, Shanghai, China. Her research interests
include lung cancer, radiotherapy and radio-sensitivity.

Shilan Luo received the B.S. in Clinical Medicine from Tongji University,
Shanghai, China, in 2020. She is currently working toward the Ph.D.
degree in Oncology with the School of Medicine, Tongji University,
Shanghai, China. Her research interests include brain metastases of lung
cancer and radiotherapy.

Xiaoting Wu received the B.S. degree in Clinical Medicine from
Chonggqing Medical University, Chongqing, China, in 2018 and the M.S.
degree in Traditional Chinese Medicine from School of Medicine,
Shanghai Jiao Tong University, Shanghai, China, in 2021. She is currently
working toward the Ph.D. degree in Oncology with the School of
Medicine, Tongji University, Shanghai, China. Her research interests
include lung cancer, radiotherapy and autophagy.

Xiaomei Gong received the M.S. in Radiation Medicine from Soochow
University, Suzhou, China, in 2009 and the Ph.D. degree in Oncology
from School of Medicine, Tongji University, Sanghai, China, in 2016. She
is currently a chief physician of Tongji University-affiliated Shanghai
Pulmonary Hospital, department of radiation therapy, and has engaged
in the field of radiotherapy for nearly fifteen years. In addition, she is a
professor and doctoral advisor at the Tongji University, and her research
focuses on lung cancer, radiotherapy, immune therapy and personalized
medicine.

ORCID

Xiaomei Gong ([») http://orcid.org/0000-0002-3043-9562

Author contributions

XG conceived and supervised the study; YW and LM performed the
experiments and wrote the manuscript; SM, and LH collected and ana-
lyzed the data; XW and SL reviewed and edited the manuscript. All
authors contributed to the article and approved the final manuscript.



Data availability statement

The data used to support the findings of this study are included within the
article. The datasets and materials in the current study are available from
the corresponding author on reasonable request.

Ethics statement

Studies involving human participants were reviewed and approved by the
Ethics Committee of Shanghai Pulmonary Hospital, Tongji University
School of Medicine. The animal study was reviewed and approved by the
Institutional Animal Care and Use Committee of Tongji University
School of Medicine (L20-217Y).

References

1.

10.

11.

12.

Sung H, Ferlay ], Siegel RL, Laversanne M, Soerjomataram I,
Jemal A, Bray F. 2021. Global cancer statistics 2020: globocan
estimates of incidence and mortality worldwide for 36 cancers in
185 countries. CA Cancer J Clin. 71(3):209-249. d0i:10.3322/caac.
21660.

. Gridelli C, Rossi A, Carbone DP, Guarize ], Karachaliou N, Mok T,

Petrella F, Spaggiari L, Rosell R. 2015. Non-small-Cell lung cancer.
Nat Rev Dis Primers. 1(1). doi:10.1038/nrdp.2015.9.

. Barker HE, Paget JTE, Khan AA, Harrington KJ. 2015. The tumour

microenvironment after radiotherapy: mechanisms of resistance
and recurrence. Nat Rev Cancer. 15(7):409-425. 10.1038/nrc3958.

. Pérol M, Felip E, Dafni U, Polito L, Pal N, Tsourti Z, Ton TGN,

Merritt D, Morris S, Stahel R, et al. 2022. Effectiveness of PD-(L)1
inhibitors alone or in combination with platinum-doublet che-
motherapy in first-line (1L) non-squamous non-small-cell lung
cancer (Nsq-NSCLC) with PD-L1-high expression using
real-world data. Ann Oncol. 33(5):511-521. doi:10.1016/j.
annonc.2022.02.008.

. QuJ, Mei Q, Liu L, Cheng T, Wang P, Chen L, Zhou J. 2021. The

progress and. challenge of anti-PD-1/PD-L1 immunotherapy in
treating non-small cell lung cancer. Ther Adv Med Oncol.
13:175883592199296. doi:10.1177/1758835921992968.

. Gavrielatou N, Liu Y, Vathiotis I, Zugazagoitia J, Aung TN, Shafi S,

Fernandez A, Schalper K, Psyrri A, Rimm DL. 2022. Association of
PD-1/PD-L1 co-location with immunotherapy outcomes in non-
small cell lung cancer. Clin Cancer Res. 28(2):360-367. doi:10.
1158/1078-0432.CCR-21-2649.

. Gong X, Li X, Jiang T, Xie H, Zhu Z, Zhou F, Zhou C. 2017.

Combined radiotherapy and anti-PD-L1 antibody synergistically
enhances antitumor effect in non-small cell lung cancer. ] Thorac
Oncol. 12(7):1085-1097. doi:10.1016/j.jtho.2017.04.014.

. Zhang H, Zhou F, Wang Y, Xie H, Luo S, Meng L, Su B, Ye Y,

Wu K, Xu Y, et al. 2020. Eliminating radiation resistance of
non-small cell lung cancer by dihydroartemisinin through abro-
gating immunity escaping and promoting radiation sensitivity by
inhibiting Pd-L1 expression. Front Oncol. 10. doi:10.3389/fonc.
2020.595466

. Wu B, Wang Y, Yang XM, Xu BQ, Feng F, Wang B, Liang Q, Li Y,

Zhou Y, Jiang J-L, et al. Basigin-mediated redistribution of Cd98
promotes cell spreading and tumorigenicity in hepatocellular
carcinoma. ] Experimental Clinical Cancer Res CR. 2015. 34(1).
doi:10.1186/513046-015-0226-6.

Pust S, Klokk TI, Musa N, Jenstad M, Risberg B, Erikstein B,
Tcatchoff L, Liestol K, Danielsen HE, van Deurs B, et al. 2013.
Flotillins as regulators of Erbb2 levels in breast cancer. Oncogene.
32(29):3443-3451. doi:10.1038/0nc.2012.357.

Jang D, Kwon H, Jeong K, Lee ], Pak Y. 2015. Essential role of
flotillin-1 palmitoylation in the intracellular localization and sig-
naling function of Igf-1 receptor. J Cell Sci. 128(11):2179-2190. 10.
1242/jcs.169409.

Song LB, Gong H, Lin CY, Wang CJ, Liu LP, Wu JH, Li M, Li J.
2012. Flotillin-1 promotes tumor necrosis factor-a receptor signal-
ing and activation of NF-kB in esophageal squamous cell

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

CANCER BIOLOGY & THERAPY 13

carcinoma cells. Gastroenterology. 143(4):995-1005. doi:10.1053/
j.gastro.2012.06.033.

Kurrle N, Ockenga W, Meister M, Vollner F, Kuhne S, John BA,
Banning A, Tikkanen R. 2013. Phosphatidylinositol 3-kinase
dependent upregulation of the epidermal growth factor receptor
upon flotillin-1 depletion in breast cancer cells. BMC Cancer. 13
(1). doi:10.1186/1471-2407-13-575.

Cao SM, Cui YM, Xiao HM, Mai MQ, Wang C]J, Xie SH, Yang J,
Wu S, LiJ, Song L, et al. 2016. Upregulation of flotillin-1 promotes
invasion and metastasis by activating TGF-p signaling in naso-
pharyngeal carcinoma. Oncotarget. 7(4):4252-4264. doi:10.18632/
oncotarget.6483.

Li H, Wang R-M, Liu S-G, Zhang J-P, Luo J-Y, Zhang B-J,
Zhang X-G. 2014. Abnormal expression of flotl correlates with
tumor progression and poor survival in patients with non-small
cell lung cancer. Tumour Biol. 35(4):3311-3315. doi:10.1007/
s13277-013-1434-3.

Li H, Zhang Y, Chen SW, Li FJ, Zhuang SM, Wang LP, Zhang J,
Song M. 2014. Prognostic significance of flotillin 1 expression in
clinically NO tongue squamous cell cancer. Int J Clin Exp Pathol. 7
(3):996-1003.

Storozynsky Q, Hitt MM. 2020. The impact of radiation-induced
DNA damage on cgas-sting-mediated immune responses to
cancer. Int ] Mol Sci. 21(22):8877. d0i:10.3390/ijms21228877.
Harding SM, Benci JL, Irianto J, Discher DE, Minn AJ,
Reenberg RAG. 2017. Mitotic progression following DNA damage
enables pattern recognition within micronuclei. Nature. 548
(7668):466-470. d0i:10.1038/nature23470.

Mackenzie KJ, Carroll P, Martin C-A, Murina O, Fluteau A,
Impson DJS, Olova N, Sutcliffe H, Rainger JK, Leitch A, et al.
2017. Cgas surveillance of micronuclei links genome instability to
innate immunity. Nature. 548(7668):461-465. doi:10.1038/
nature23449.

Sen T, Rodriguez BL, Chen L, Della Corte CM, Morikawa N,
Fujimoto J, Cristea S, Nguyen T, Diao L, Li L, et al. 2019.
Targeting DNA damage response promotes antitumor immunity
through sting-mediated t-cell activation in small cell lung cancer.
Cancer Discov. 9(5):646-661. doi:10.1158/2159-8290.Cd-18-1020.
Yuan Y, Liao H, Pu Q, Ke X, Hu X, Ma Y, Luo X, Jiang Q, Gong Y,
Wu M, et al. MiR-410 induces both epithelial-mesenchymal tran-
sition and radioresistance through activation of the PI3K/mTOR
pathway in non-small cell lung cancer. Signal Transduct Target
Ther. 2020. 5(1). doi:10.1038/s41392-020-0182-2.

Yin H, Wang XY, Zhang X, Zeng YY, Xu QY, Wang WB, Zhou F,
Zhou Y. 2020. Ube2t promotes radiation resistance in non-small
cell lung cancer via inducing epithelial-mesenchymal transition
and the ubiquitination-mediated foxol degradation. Cancer Lett.
494:121-131. doi:10.1016/j.canlet.2020.06.005.

Chen Y, Li WW, Peng P, Zhao WH, Tian Y], Huang Y, Xia §,
Chen Y. 2019. mTORCI1 inhibitor RAD001 (everolimus) enhances
non-small cell lung cancer cell radiosensitivity in vitro via suppres-
sing epithelial-mesenchymal transition. Acta Pharmacol Sin. 40
(8):1085-1094. doi:10.1038/s41401-019-0215-y.

Deng LF, Liang H, Xu M, Yang XM, Burnette B, Arina A,
Li X-D, Mauceri H, Beckett M, Darga T, et al. 2014. Sting-
dependent Cytosolic DNA sensing promotes radiation-induced
type i interferon-dependent antitumor immunity in immuno-
genic tumors. Immunity. 41(5):843-852. doi:10.1016/j.immuni.
2014.10.019.

Yang YQ, Wu M, Cao DQ, Yang C, Jin JS, Wu LL, Hong X, Li W,
Lu L, Li J, et al. Zbp1-MIkl necroptotic signaling potentiates
radiation-induced antitumor immunity via intratumoral sting
pathway activation. Sci Adv. 2021. 7(41). doi:10.1126/sciadv.
abf6290.

Laidlaw BJ, Craft JE, Kaech SM. 2016. The multifaceted role of
CD4+ T cells in CD8+ T cell memory. Nat Rev Immunol. 16
(2):102-111. doi:10.1038/nri.2015.10.

Rakaee M, Busund LT, Jamaly S, Paulsen E-E, Richardsen E,
Andersen S, Al-Saad S, Bremnes RM, Donnem T, Kilvaer TK.
2019. Prognostic value of macrophage phenotypes in resectable


https://doi.org/10.3322/caac.21660
https://doi.org/10.3322/caac.21660
https://doi.org/10.1038/nrdp.2015.9
https://doi.org/10.1038/nrc3958
https://doi.org/10.1016/j.annonc.2022.02.008
https://doi.org/10.1016/j.annonc.2022.02.008
https://doi.org/10.1177/1758835921992968
https://doi.org/10.1158/1078-0432.CCR-21-2649
https://doi.org/10.1158/1078-0432.CCR-21-2649
https://doi.org/10.1016/j.jtho.2017.04.014
https://doi.org/10.3389/fonc.2020.595466
https://doi.org/10.3389/fonc.2020.595466
https://doi.org/10.1186/s13046-015-0226-6
https://doi.org/10.1038/onc.2012.357
https://doi.org/10.1242/jcs.169409
https://doi.org/10.1242/jcs.169409
https://doi.org/10.1053/j.gastro.2012.06.033
https://doi.org/10.1053/j.gastro.2012.06.033
https://doi.org/10.1186/1471-2407-13-575
https://doi.org/10.18632/oncotarget.6483
https://doi.org/10.18632/oncotarget.6483
https://doi.org/10.1007/s13277-013-1434-3
https://doi.org/10.1007/s13277-013-1434-3
https://doi.org/10.3390/ijms21228877
https://doi.org/10.1038/nature23470
https://doi.org/10.1038/nature23449
https://doi.org/10.1038/nature23449
https://doi.org/10.1158/2159-8290.Cd-18-1020
https://doi.org/10.1038/s41392-020-0182-2
https://doi.org/10.1016/j.canlet.2020.06.005
https://doi.org/10.1038/s41401-019-0215-y
https://doi.org/10.1016/j.immuni.2014.10.019
https://doi.org/10.1016/j.immuni.2014.10.019
https://doi.org/10.1126/sciadv.abf6290
https://doi.org/10.1126/sciadv.abf6290
https://doi.org/10.1038/nri.2015.10

14 Y. WANG ET AL.

28.

29.

30.

31.

32.

33.

34.

non-small cell lung cancer assessed by multiplex immunohisto-
chemistry. Neoplasia. 21(3):282-293. doi:10.1016/j.ne0.2019.01.005.
Hiramatsu S, Tanaka H, Nishimura J, Sakimura C, Tamura T,
Toyokawa T, Muguruma K, Yashiro M, Hirakawa K, Ohira M.
2018. Neutrophils in primary gastric tumors are correlated with
neutrophil infiltration in tumor-draining lymph nodes and the
systemic inflammatory response. BMC Immunol. 19(1). doi:10.
1186/512865-018-0251-2.

XuXu L, WeiDong L, Lei W, Bin Z, Xiao S, Zi-Xuan P, He-Cheng
Z, Xing-Dong L, Mei-Zuo Z, Dan X, et al. 2018. Roles of flotillins
in tumors. ] Zhejiang Univ Sci B. 19(3):171-182. doi:10.1631/jzus.
B1700102.

Tu X, Qin B, Zhang Y, Zhang C, Kahila M, Nowsheen S, Yin P,
Yuan J, Pei H, Li H, et al. 2019. Pd-L1 (B7-H1) competes with the
RNA exosome to regulate the DNA damage response and can be
targeted to sensitize to radiation or chemotherapy. Mol Cell. 74
(6):1215-1226. doi:10.1016/j.molcel.2019.04.005.

von Roemeling CA, Wang Y, Qie Y, Yuan H, Zhao H, Liu X, von
Roemeling CA, Yang Z, Yang M, Deng W, et al. Therapeutic
modulation of phagocytosis in glioblastoma can activate both
innate and adaptive antitumour immunity. Nat Commun. 2020.
11(1). doi:10.1038/s41467-020-15129-8.

Amouzegar A, Chelvanambi M, Filderman JN, Storkus W],
Luke JJ. 2021. Sting agonists as cancer therapeutics. Cancers
(Basel). 13(11):2695. d0i:10.3390/cancers13112695.
Meric-Bernstam F, Sweis RF, Hodi FS, Messersmith WA,
Andtbacka RHI, Ingham M, Lewis N, Chen X, Pelletier M,
Chen X, et al. 2022. Phase I dose-escalation trial of Miw815
(Adu-S100), an intratumoral sting agonist, in patients with
advanced/metastatic solid tumors or lymphomas. Clin Cancer
Res. 28(4):677-688. doi:10.1158/1078-0432.Ccr-21-1963.

Sivick KE, Desbien AL, Glickman LH, Reiner GL, Corrales L,
Surh NH, Hudson TE, Vu UT, Francica BJ, Banda T, et al. 2018.
Magnitude of therapeutic STING activation determines CD8+ T

35.

36.

37.

38.

39.

40.

41.

cell-mediated anti-tumor immunity. Cell Rep. 25(11):3074-3085.
doi:10.1016/j.celrep.2018.11.047.

Glickman LH, Kanne DB, Kasibhatla S, Li J, Pferdekamper AC,
Gauthier KS, Deng W, Desbien AL, Katibah GE, Leong JJ, et al.
2016. Sting activation in the tumor microenvironment with
a synthetic human sting-activating cyclic dinucleotide leads to
potent anti-tumor immunity. Cancer Res. 76
(14_Supplement):1445. doi:10.1158/1538-7445.Am2016-1445.
Harrington KJ, Brody J, Ingham M, Strauss ], Cemerski S,
Wang M, Tse A, Khilnani A, Marabelle A, Golan T. 2018. pre-
liminary results of the first-in-human (Fih) study of Mk-1454, an
agonist of stimulator of interferon genes (sting), as monotherapy
or in combination with pembrolizumab (pembro) in patients with
advanced solid tumors or lymphomas. Ann Oncol. 29:viii712.
doi:10.1093/annonc/mdy424.015.

Gogoi H, Mansouri S, Jin L. 2020. The age of cyclic dinucleotide
vaccine  adjuvants.  Vaccines.  8(3):453.  d0i:10.3390/
vaccines8030453.

Davis AA, Patel VG. 2019. The role of Pd-L1 expression as
a predictive biomarker: an analysis of all us food and drug admin-
istration (Fda) approvals of immune checkpoint inhibitors.
J ImmunoTher Cancer. 7(1). doi:10.1186/s40425-019-0768-9.
Spence EF, Dube S, Uezu A, Locke M, Soderblom EJ, Soderling SH.
2019. In Vivo proximity proteomics of nascent synapses reveals
a novel regulator of cytoskeleton-mediated synaptic maturation.
Nat Commun. 10(1). doi:10.1038/s41467-019-08288-w.

Nicolas HA, Bertrand AT, Labib S, Mohamed-Uvaize M,
Bolongo PM, Wu WY, Bilinska ZT, Bonne G, Akimenko M-A,
Tesson F. 2020. Protein kinase C alpha cellular distribution, activ-
ity, and proximity with lamin a/C in striated muscle
laminopathies. Cells. 9(11):2388. doi:10.3390/cells9112388.
Zhang SH, Wang CJ, Shi L, Li XH, Zhou ], Song LB, et al. High
expression of FLOT1 is associated with progression and poor
prognosis. PLoS One. 2013;8(6). e64709


https://doi.org/10.1016/j.neo.2019.01.005
https://doi.org/10.1186/s12865-018-0251-2
https://doi.org/10.1186/s12865-018-0251-2
https://doi.org/10.1631/jzus.B1700102
https://doi.org/10.1631/jzus.B1700102
https://doi.org/10.1016/j.molcel.2019.04.005
https://doi.org/10.1038/s41467-020-15129-8
https://doi.org/10.3390/cancers13112695
https://doi.org/10.1158/1078-0432.Ccr-21-1963
https://doi.org/10.1016/j.celrep.2018.11.047
https://doi.org/10.1158/1538-7445.Am2016-1445
https://doi.org/10.1093/annonc/mdy424.015
https://doi.org/10.3390/vaccines8030453
https://doi.org/10.3390/vaccines8030453
https://doi.org/10.1186/s40425-019-0768-9
https://doi.org/10.1038/s41467-019-08288-w
https://doi.org/10.3390/cells9112388

	Abstract
	Introduction
	Results
	FLOT1 expression was increased in radioresistant NSCLC cells
	FLOT1 knockdown alleviated radioresistance by inhibiting cell migration and impeding EMT
	Effect of FLOT1 on the lethality of radiation in vitro and in vivo
	FLOT1 was involved in DNA damage activated STING signaling pathway and reprogrammed the tumor immune microenvironment

	Discussion
	Materials and methods
	Cell culture and establishment of radioresistant cells
	Vectors, transfection, and retroviral infection
	Colony formation assay
	MTS assay
	Wound healing assay
	Western blotting
	Real-time quantitative polymerase chain reaction (qRT-PCR)
	Co-Immunoprecipitation (Co-IP)
	Immunofluorescence analysis
	Tumor growth and treatments
	Patients and tissue collection
	Immunohistochemistry (IHC)
	Statistical analysis

	Abbreviations
	Disclosure statement
	Funding
	Notes on contributors
	ORCID
	Author contributions
	Data availability statement
	Ethics statement
	References

