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CircPOLAZ sensitizes non-small cell lung cancer
cells to ferroptosis and suppresses tumorigenesis via
the Merlin-YAP signaling pathway

Kaiying Xu," Guangxia Wei," Wanghong Qi," Chunlin Ye,' Yangyang Liu,” Shijiang Wang,® Feng Yang,**
and Jian Tang'4>*

SUMMARY

Circular RNAs (circRNAs) have been implicated in the tumorigenesis of non-small cell lung cancer (NSCLC).
Ferroptosis is considered a mechanism to suppress tumorigenesis. Herein, we identified a downregulated
circRNA, circPOLA2 (hsa_circ_0004291), in NSCLC tissues and found that it was correlated with advanced
clinical stage in patients. Nuclear-cytoplasmic fractionation assays and FISH assays confirmed that circ-
POLA2 was predominantly localized in the cytoplasm. Overexpression of circPOLA2 promoted lipid per-
oxidation and ferroptosis in NSCLC cells, thereby inhibiting cell proliferation and migration, while knock-
down of circPOLA2 exerted the opposite effects. Mechanistically, circPOLA2 interacted with Merlin, a
critical regulator of the Hippo pathway, and restricted Merlin phosphorylation at S518, leading to the acti-
vation of the Hippo pathway. In addition, circPOLA2 enhanced ferroptosis in NSCLC cells by activating the
Hippo pathway. Together, circPOLA2 sensitizes cells to ferroptosis and suppresses tumorigenesis in
NSCLC by facilitating Merlin-mediated activation of the Hippo signaling pathway.

INTRODUCTION

Lung cancer is the leading cause of cancer death worldwide, and non-small cell lung cancer (NSCLC) accounts for 80%-85% of lung cancer
cases.”” With advances in surgery, targeted therapy, and immunotherapy, the 5-year survival rate has reached 61% for patients with early-
stage lung cancer; however, the overall 5-year survival rate is only 23% because many patients are diagnosed at an advanced stage.’ There-
fore, further research into the molecular mechanisms underlying NSCLC development and metastasis is urgently needed to develop novel
diagnostic and therapeutic strategies.

Circular RNAs (circRNAs) are a class of covalently closed single-stranded RNA molecules that are mainly generated by back-splicing of pre-
mRNAs." Increasing evidence has shown that circRNAs are involved in almost all human malignancies, including NSCLC, through miRNA
sponging, protein binding, or translation.” Dysregulated circRNAs have shown promising efficacy as biomarkers or therapeutic targets for
lung cancer.® However, to date, no circRNA has been exploited for the clinical treatment of lung cancer, and most circRNAs have been found
to act as miRNA sponges in the pathogenesis of lung cancer; thus, the other potential mechanisms underlying the role of circRNAs in tumor
progression may have been ignored. Therefore, further efforts are needed to comprehensively elucidate the role of circRNAs in NSCLC.

Ferroptosis is a distinct form of regulated cell death (RCD) caused by the iron-dependent peroxidation of polyunsaturated fatty acid
(PUFA)-containing PLs (PUFA-PLs) on the cell membrane, which is mainly mediated by the iron-catalyzed Fenton reaction.” To date, four
cellular antioxidant systems have been found to act as ferroptosis defense mechanisms by directly neutralizing lipid peroxides, including
the GPX4-GSH, FSP1-CoQH2, DHODH-CoQH2, and GCH1-BH4 systems.8 Accumulating evidence indicates that ferroptosis is a natural tu-
mor suppression mechanism, and several oncogenic signaling pathways and tumor suppressors have been shown to inhibit or promote fer-
roptosis respectively. For example, mTOR complex1” and mutant KRAS'®'" promote tumorigenesis by inhibiting ferroptosis, whereas P53'*
and BAP1'? exert tumor suppressor effects in part by promoting ferroptosis. Recently, several studies have reported that circRNAs increase
the ferroptosis resistance of cancer cells by sponging miRNAs that target components of the ferroptosis defense system, such as circPVT1 in
esophageal squamous cell carcinoma,'® circGFRA1 in breast cancer,'” circ_0067934'¢ and circKIF4A" in thyroid cancer, and circDTL in
NSCLC."® However, apart from acting as microRNA sponges, few studies have reported the other mechanisms mediating the regulatory ef-
fect of circRNAs on ferroptosis in cancer.'”
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Figure 1. Identification and characterization of circPOLA2 in NSCLC

A) Volcano plots show all 1797 differentially expressed circRNAs filtered at p < 0.05 in 4 paired NSCLC tissues and matched normal tissues.

B) Venn diagram showing that 5 circRNAs were overlapped by our RNA-Seq data and two GEO datasets (GSE101684 and GSE112214).

C) Schematic diagram shows the genomic location of circPOLA2 and the back-splicing site confirmed by Sanger sequencing.

D) PCR with divergent or convergent primers and agarose gel electrophoresis demonstrated the presence of circPOLA2 and linear POLA2 in A549 and PC9 cells.
E and F) The stability of circPOLA2 and linear POLA2 was tested by RT-gPCR after treatment with RNase R (E) and actinomycin D (F).

G) Relative circPOLAZ levels in different NSCLC cell lines and normal bronchial epithelial cells were measured by RT-gPCR.

H) Relative circPOLA2 levels in 51 paired NSCLC tissues and adjacent normal tissues were measured by RT-qPCR.
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(
(
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(
(
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(I) ROC curve analysis was used to evaluate the diagnostic value of circPOLA2 for NSCLC (n = 102).
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Figure 1. Continued

(J) Nuclear-cytoplasmic fractionation and RT-gPCR assays indicated that circPOLA2 was mainly distributed in the cytoplasmic of NSCLC cells; U6 and GAPDH
genes were used as nuclear and cytoplasmic controls, respectively.

(K) RNA-FISH shows the cytoplasm localization of circPOLA2; the circPOLA2 probe was labeled with Cy3 (red), while nuclei were stained with DAPI (blue); scale
bar: 20 pm. Data are presented as the mean + SD (n = 3 per group, unless otherwise indicated). *p < 0.05, **p < 0.01, ***p < 0.001, ns: not significant.

See also Table S4.

The Hippo signaling pathway is a well-characterized tumor suppressor signaling network, the key components of which include mamma-
lian STE20-like kinase 1/2 (MST1/2), Salvador homolog 1 (SAV1), large tumor suppressor kinase 1/2 (LATS1/2), Yes-associated protein 1 (YAP)
and transcriptional coactivator with PDZ-binding motif (TAZ), as well as upstream regulators, such as the activator Merlin (product of the NF2
gene) and the inhibitor striatin (STRN)-interacting phosphatase and kinase (STRIPAK) complex.20 Once activated, the effectors’ YAP and TAZ
are phosphorylated by LATS1/2 and sequestered in the cytoplasm by 14-3-3 proteins, thereby inhibiting the oncogenic effect of YAP/TAZ in
cancers, including NSCLC.?>?" There are currently two opposing views on the role of YAP/TAZ in ferroptosis in cancer. On the one hand, TAZ
has been reported to induce ferroptosis in renal cell carcinoma” and epithelial ovarian cancer,”” while YAP has been shown to promote fer-
roptosis in mesothelioma cells.”* On the other hand, YAP/TAZ has been reported to prevent ferroptosis in hepatocellular carcinoma.”
Recently, a team reported that YAP increased ferroptosis resistance in NSCLC cells by interacting with the transcription factor CP2
(TFCP2) and promoting the transcription of ferritin heavy chain 1 (FTH1)?® and ferritin light chain 1 (FTL1).?” However, further studies are
needed to validate the modulatory effect of YAP on ferroptosis in NSCLC.

In this study, we identified a downregulated circRNA, circPOLA2 (hsa_circ_0004291), in NSCLC tissues by RNA-Seq and bioinformatics
analysis. We then found that circPOLA2 was negatively correlated with clinical stage, sensitized NSCLC cells to ferroptosis and suppressed
tumorigenesis both in vitro and in vivo. Mechanistically, circPOLAZ2 interacts with Merlin and restricts its phosphorylation at S518, leading to
the activation of the Hippo pathway and the inhibition of YAP in NSCLC. Our results suggest that circPOLA2 may be a novel therapeutic target
and a promising biomarker for NSCLC.

RESULTS
CircPOLA2 expression was downregulated in non-small cell lung cancer and negatively correlated with clinical stage

To screen for circRNAs that contribute to NSCLC progression, 4 pairs of NSCLC and adjacent normal lung tissues were used for RNA-Seq
analysis. Among all 13,821 predicted circRNAs, 1,797 circRNAs were judged to be differentially expressed by the cutoff criteria p < 0.05 (Fig-
ure 1A; Table S4). Differentially expressed circRNAs in two GEO datasets (GSE101684 and GSE112214), which contain microarray expression
profiles of circRNAs in NSCLC and matched normal lung tissues were downloaded and analyzed. Using the same criteria (p < 0.05), 2098 and
1239 differentially expressed circRNAs were identified in the GSE101684 and GSE112214 datasets respectively. Taking the intersection of
our RNA-Seq results with these two GEO datasets, 5 overlapping circRNAs (hsa_circ_0089974, hsa_circ_0025506, hsa_circ_0006857, hsa_
circ_0004291, and hsa_circ_0002017) were found (Figure 1B; Table S4). However, only hsa_circ_0004291 was consistently downregulated in
the three datasets, so we selected it for further study and renamed it circPOLA2. According to circBase”® annotation, circPOLA2
(chr11:65061623-65063461) is back-spliced from exons 14-17 of the POLA2 gene. The back-splicing junction site was verified by Sanger
sequencing (Figure 1C). To further confirm that circPOLA2 is generated by head-to-tail splicing, convergent and divergent primers were
used to amplify circPOLA2 and linear POLA2 transcripts. Electrophoresis of the PCR products revealed that circPOLA2 could be amplified
from cDNA only by the divergent primers, whereas the convergent primers produced corresponding fragments of POLA2 from both
cDNA and gDNA templates (Figure 1D). As expected, circPOLA2 showed higher stability than the linear POLA2 transcript when treated
with RNase R or actinomycin D in NSCLC cells (Figures 1E and 1F).

To explore the clinical significance of circPOLA2, we first examined the expression of circPOLA2 in NSCLC cell lines and tissues by
RT-gPCR. The results showed that circPOLA2 levels were lower in NSCLC cells than in normal bronchial epithelial cells (BBM) (Figure 1G).
Moreover, circPOLA2 expression was significantly lower in cancer tissues than in matched normal tissues (Figure TH). A receiver operating
characteristic (ROC) curve was plotted to assess the diagnostic value of circPOLA2 for NSCLC. The area under the curve was 0.879, and
the specificity and sensitivity were 86.3% and 74.5%, respectively, with a cutoff value of 0.925 (Figure 11). In addition, we found that circPOLA2
expression was negatively correlated with N stage, TNM stage, and histological grade but not with other clinical parameters (Table 1). To
determine the subcellular localization of circPOLA2, we first performed a nuclear-cytoplasmic fractionation assay and found that circPOLA2
was predominantly localized in the cytoplasm of NSCLC cells (Figure 1J). This finding was further confirmed by the RNA-FISH assay (Figure 1K).
Taken together, these data implied that circPOLA2 expression was downregulated in NSCLC cell lines and tissues and negatively correlated
with clinical stage, suggesting that circPOLA2 may function as a tumor suppressor.

CircPOLA2 suppressed the proliferation and aggressiveness of non-small cell lung cancer cells in vitro

To explore the function of circPOLA2 in NSCLC cells, we first constructed circPOLA2 overexpression or silencing plasmids and transfected
them into A549 and PC9 cells. Stably transfected cell lines were obtained, and the efficiency of overexpression and knockdown was validated
by RT-gPCR while having little impact on the expression of linear POLA2 mRNA (Figure 2A). Then, a series of cell function experiments were
performed. The CCK-8 and EdU incorporation assays indicated that circPOLA2 overexpression reduced cell proliferation ability compared to
the control group, while circPOLA2 knockdown had the opposite effect (Figures 2B-2D). The colony formation experiment indicated that
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Table 1. Correlation between circPOLA2 expression and clinicopathological features in 51 patients with NSCLC

circPOLA2° Spearman correlation
Characteristic All cases Low High Chi-square p values Coefficient p values
All cases 51 26 25
Gender 0.057 0.690
Male 31 16 15 0.013 0.910
Female 20 10 10
Age 0.108 0.452
<60years 18 11 7 1.142 0.285
>60years 33 15 18
T stage —0.247 0.080
T1 31 12 19 4.763 0.029*
T2-3 20 14 6
N stage
NO 36 12 24 15.253 <0.001*** —-0.691 <0.007***
N1-2 15 14 1
TNM stage -0.767 <0.001***
| 31 8 23 20.046 <0.0071***
11111 20 18 2
Histological grade® —0.512 <0.001***
1 7 1 6 7.299° 0.027*
2 21 9 12
3+4 23 16 7

*P < 0.05, **P < 0.01, ***P < 0.001.

21 = well differentiated, 2 = moderately differentiated, 3 = poorly differentiated, 4 = undifferentiated.

PFisher's Exact Test.

“The median of relative circPOLA2 expression is 0.76, and was used as the cut-off value for grouping (High>0.76; Low <0.76).

circPOLA2 overexpression decreased the colony formation ability compared to the control group, while circPOLA2 knockdown promoted
colony formation in both cell lines (Figures 2E and 2F). Transwell assays showed that circPOLA2 overexpression markedly reduced migration
and invasion, whereas circPOLA2 knockdown increased cell aggressiveness (Figures 2G and 2H). Additionally, we noted that circPOLA2-sh1
had a slightly stronger effect than circPOLA2-sh2 in the above cell functional experiments, although the difference did not reach statistical
significance. In conclusion, these data demonstrated that circPOLA2 exerts a tumor-suppressive effect in NSCLC in vitro.

CircPOLA2 sensitized non-small cell lung cancer cells to ferroptosis in vitro and suppressed tumorigenesis in vivo

Ferroptosis is an iron-dependent form of RCD that has been implicated in the progression and therapeutic responses of several cancers,
including NSCLC, and the induction of ferroptosis may be a promising therapeutic strategy for certain cancers.*?” Noncoding RNAs,
including circRNAs, have been reported to regulate ferroptosis in various types of cancer.'” We, therefore, asked whether circPOLA2 could
modulate ferroptosis in NSCLC progression. We first evaluated the sensitivity to erastin-induced ferroptosis by measuring intracellular ATP
levels, which indicate cell viability. The results showed that circPOLA2 overexpression significantly increased the sensitivity to the erastin-
induced decrease in cell viability in both A549 and PC9 cells (Figure 3A). The increased sensitivity to erastin in circPOLA2 overexpressing
NSCLC cells could be rescued by the ferroptosis inhibitors ferrostatin-1 (Fer-1) and DFO (Figure 3B). However, inhibitors of other forms of
cell death, including apoptosis (Z-VAD-FMK), autophagy (3-MA), and necroptosis (necrostatin-1, Nec-1), failed to rescue the erastin-induced
decline in cell viability (Figure 3B). This suggests that the type of cell death induced by erastin in NSCLC cells was predominantly ferroptosis
rather than apoptosis, autophagy, or necroptosis. Flow cytometry analysis of dead cells also showed that overexpression of circPOLA2 pro-
moted erastin-induced cell death and that Fer-1 and DFO significantly attenuated erastin-induced cell death (Figures STA and 1B). Iron-cata-
lyzed peroxidation of PUFA-PLs is the execution step of ferroptosis, and the accumulation of lipid peroxides is a cardinal feature of ferrop-
tosis.® The lipophilic fluorescent probe BODIPY 581/591 C11 was used to detect lipid peroxides. The results indicated that circPOLA2
overexpression increased the level of lipid peroxides triggered by erastin in NSCLC cells, whereas inhibitors of ferroptosis abolished the effect
of erastin (Figures 3C, 3D, and S1C). Malondialdehyde (MDA) content showed a similar change to lipid peroxidation (Figure 3E). TEM imaging
revealed that the mitochondria in circPOLA2-overexpressing PC9 cells exhibited typical morphological features of ferroptosis after erastin
treatment, including smaller size, increased membrane density, and reduced number of cristae (Figure 3F). Additionally, table overexpression
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Figure 2. CircPOLA2 suppressed the proliferation and aggressiveness of NSCLC cells in vitro

(A) RT-gPCR measured the relative expression of circPOLA2 and linear POLA2 in A549 and PC9 cells stably transfected with circPOLA2 overexpression or
knockdown plasmid.

(B) Cell growth curves were plotted by CCK-8 assays after circPOLA2 overexpression or knockdown in A549 and PC? cells.

(C and D) An EdU incorporation assay was used to evaluate proliferation; scale bar: 50 pm.

(E and F) Colony formation assay was used to assess cell survival and growth ability.

(G and H) Transwell assay was used to measure cell migration and invasion ability (magnification: X 100). Data are presented as the mean £ SD (n = 3 per group,
unless otherwise indicated). *p < 0.05, **p < 0.01, ***p < 0.001.

of circPOLA2 obviously suppressed the growth of xenografts generated by the subcutaneous injection of PC9 cells into athymic nude mice
(Figures 3G-3l). In conclusion, circPOLA2 sensitized NSCLC cells to ferroptosis in vitro and suppressed tumor growth in vivo.

CircPOLA2 interacted with merlin and activated the hippo signaling pathway

To research the molecular mechanism underlying the function of circPOLA2, we performed an RNA pull-down assay, followed by silver stain-
ing and mass spectrometry to identify the circPOLA2-binding proteins (Figures 4A and 4B). A total of 210 proteins (Table S3) were significantly
enriched according to the filtering criteria fold change > 1.5; these candidates were then intersected with ferroptosis regulators downloaded
from an online database FerrDb.*" Finally, 7 overlapping proteins were found: Merlin, TFAP2A, DAZAP1, HMOX1, LIG3, CISD2, and GJA1
(Figure 4C). Among them Merlin (product of the NF2 gene) was the most highly enriched, so we chose it for further validation via RIP followed
by PCR. The results showed that both endogenous and overexpressed circPOLA2 were precipitated by an anti-Merlin antibody but not the
IgG control (Figures 4D and 4E). Subsequently, FISH and IF double staining confirmed the cytoplasmic colocalization of circPOLA2 and Merlin
(Figure 4F). Merlin is a potent upstream activator of the Hippo pathway and contributes to the recruitment of core Hippo kinase modules.®*
To identify the binding domain between Merlin and circPOLA2, a series of Flag-tagged truncated forms of Merlin were designed and over-
expressed in A549 cells.** The RIP-PCR assay indicated that the C-terminal domain but not the other domains of Merlin is crucial for binding to
circPOLA2 (Figure 4G).

As a well-known tumor suppressor, the activity of Merlin requires a closed conformation formed by the intramolecular association between
the FERM domain and the C-terminal domain; the closed conformation is converted to an open conformation (inactive form) when 5518 is
phosphorylated by p21-activated kinase (PAK).** Our results showed that circPOLA2 could bind to the C-terminal domain of Merlin which
contains S518. We therefore hypothesized that circPOLA2 might regulate the Hippo pathway by affecting the phosphorylation of Merlin
at S518. To test this hypothesis, we first measured the phosphorylation levels of Merlin (Ser518), Lats1 (Thr1079), and YAP (Ser127) in
NSCLC cells stably transfected with circPOLA2 overexpression or knockdown plasmids by WB. The results revealed that the level of p-Merlin
(Ser518) was significantly reduced by circPOLA2 overexpression and increased by circPOLA2 knockdown. Conversely, the levels of p-Lats1
(Thr1079) and p-YAP (Ser127) were increased in the circPOLA2 overexpression group and decreased in the circPOLA2 knockdown group (Fig-
ure 5A). Moreover, total YAP expression was slightly decreased and increased in circPOLA2-overexpressing and circPOLA2-silenced cells,
respectively, whereas total Merlin and total Lats1 expression showed little change in the different groups (Figure 5A). To further verify the
role of circPOLA2 in the Hippo signaling pathway, we also measured the expression of classical oncogenes21 (CTGF, CYRé61, AREG, and
MYC) downstream of YAP via RT-gPCR. The results revealed that these four genes were significantly downregulated and upregulated in circ-
POLA2-overexpressing and circPOLA2-silenced NSCLC cells, respectively (Figure 5B). To confirm the necessity of Merlin in mediating the role
of circPOLA2 in Hippo pathway activation, we performed bidirectional rescue experiments; specifically, we silenced Merlin in circPOLA2-over-
expressing PC9 cells and overexpressed a constitutively activated Merlin mutant (S518A)** in circPOLA2-silenced A549 cells. The reliability
and efficiency of the gene manipulation strategies were validated by RT-gPCR (Figures S2A and 2B). The results showed that Merlin silencing
markedly attenuated the Hippo pathway activation triggered by circPOLA2 overexpression and rescued the reduction in the expression of
CTGF, CYR61, AREG, and MYC (Figures 5C and 5E). In contrast, overexpression of mutant Merlin (S518A) significantly reversed the inhibitory
effect of circPOLA2 silencing on the Hippo pathway and reversed the elevation of the expression of CTGF, CYR61, AREG, and MYC
(Figures 5D and 5F). Additionally, silencing Merlin and overexpressing mutant Merlin (S518A) alone dramatically inhibited and activated
the Hippo pathway, respectively (Figures 5C-5F). Collectively, these data suggest that circPOLA2 interacts with Merlin, preventing its phos-
phorylation at S518 and further activating the Hippo signaling pathway in NSCLC cells.

CircPOLA2 regulated the ferroptosis sensitivity and tumorigenicity of non-small cell lung cancer cells via merlin

To verify the necessity of Merlin for the regulatory effect of circPOLA2 on the ferroptosis sensitivity and tumorigenicity of NSCLC cells, we
performed a series of rescue experiments. First, the proliferation, colony formation, aggressiveness, and ferroptosis sensitivity of PC9 cells
stably cotransfected with circPOLA2 overexpression and Merlin silencing vectors were tested. The CCK-8 and EdU incorporation assays indi-
cated that Merlin knockdown dramatically reversed the inhibition of cell proliferation induced by circPOLA2 overexpression (Figures 6A-6C).
The suppression of the colony formation, migration, and invasion of circPOLA2-overexpressing cells was also obviously reversed by Merlin
silencing (Figures 6D and 6E). Intracellular ATP levels indicated that Merlin knockdown significantly reversed the sensitization to ferroptosis
triggered by circPOLA2 overexpression (Figure 6F). Consistently, Merlin knockdown reversed the elevation of lipid peroxidation and MDA
levels triggered by circPOLA2 overexpression (Figures 6G and 6H). Additionally, the typical mitochondrial morphological changes induced
by erastin in circPOLA2-overexpressing PC9 cells were also abolished by Merlin silencing (Figure 4l). Second, the same experiments were
performed in A549 cells with circPOLA2 knockdown and Merlin (S518A) overexpression. The results indicated that cell proliferation, colony
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Figure 3. CircPOLA2 sensitized NSCLC cells to ferroptosis in vitro and suppressed tumorigenesis in vivo
(A-E) A549 and PC9 cells with or without circPOLA2 overexpression were treated with erastin (10 umol/L or indicated concentration) or erastin plus Fer-1 (1 pmol/
L), DFO (50 umol/L), Z-VAD (10 pmol/L), 3-MA (2 mmol/L), or Nec-1 (10 umol/L) for 20 h.

(A) Intracellular ATP levels were measured after treatment with different concentrations of erastin.

iScience 27, 110832, September 20, 2024

7



¢? CellPress iScience
OPEN ACCESS

Figure 3. Continued

(B) Intracellular ATP levels were measured after treatment with erastin (10 umol/L) or erastin plus different cell death inhibitors.

(C and D) Representative flow cytometry histogram of lipid peroxides stained with BODIPY 581/591 C11 (C), and the statistical results of the mean fluorescence
intensity of oxidized BODIPY 581/591 C11 (D).

(E) Intracellular MDA levels were measured by colorimetry, and the results were expressed as pmol per mg protein.

(F) TEM images of mitochondria from PC9 cells treated with erastin (10 pmol/L) or DMSO for 20 h.

(G-1) PC9 cells with stable circPOLA2 overexpression or negative control were injected into the dorsal flanks of nude mice (n = 5 per group); gross tumor
appearance in vivo and ex vivo (G); in vivo growth curves were plotted by the tumor sizes measured weekly (H), and weight was measured at the endpoint (I).
Data are presented as the mean + SD (n = 3 per group, unless otherwise indicated). *p < 0.05, **p < 0.01, ***p < 0.001.

See also Figure S1.

formation, migration, and invasion were significantly promoted by circPOLAZ2 silencing, and these effects could be reversed by Merlin (5518A)
overexpression (Figures S3A-S3E). Similarly, sensitivity to ferroptosis and the levels of lipid peroxidation and MDA were markedly increased
by circPOLA2 knockdown, but these changes were reversed by overexpressing Merlin (S518A) (Figures S3F-S3I). Notably, circPOLA2 over-
expression or knockdown also slightly suppressed or increased ferroptosis, respectively, in the absence of erastin treatment (Figures 6G—
6l and S3G-S3l). In summary, circPOLA2 regulated the ferroptosis sensitivity and tumorigenesis of NSCLC cells via Merlin in vitro.

XMU-MP-1 reversed the effect of circPOLA2 on the ferroptosis sensitivity and tumorigenicity of non-small cell lung cancer
cells

To further confirm that the effect of circPOLA2 on NSCLC cells was dependent on Hippo pathway activation, a Hippo pathway inhibitor, XMU-
MP-1,% was used. We first validated the inhibitory effect of XMU-MP-1 on the Hippo pathway by measuring the level of p-YAP (Ser127) in PC9
cells (Figure S4A). Cell proliferation, colony formation, migration, and invasion were significantly inhibited by circPOLA2 overexpression, and
these effects could be reversed by XMU-MP-1 treatment (Figures S4B-S4F). As indicated by the measurement of intracellular ATP levels,
XMU-MP-1 treatment markedly reversed the increase in ferroptosis sensitivity induced by circPOLA2 overexpression (Figure S4G). Similarly,
flow cytometry analysis of dead cells showed that XMU-MP-1 treatment dramatically reduced cell death in circPOLA2-overexpressing PC9
cells (Figures S4H and S4l). Consistently, the levels of lipid peroxidation and MDA were markedly increased by circPOLA2 overexpression,
but these changes were reversed by XMU-MP-1 treatment (Figures S4J-S4L). Collectively, these data suggest that the effect of circPOLA2
on the ferroptosis sensitivity and tumorigenicity of NSCLC cells is dependent on the activation of the Hippo pathway.

CircPOLA2 sensitized non-small cell lung cancer cells to ferroptosis and inhibited tumorigenesis via merlin

To further test the necessity of Merlin in mediating the effect of circPOLA2 in NSCLC, we performed rescue experiments in a xenograft model
established by injecting PC9 cells stably overexpressing circPOLA2 with or without Merlin knockdown. The results revealed that circPOLA2
overexpression or Merlin silencing suppressed or promoted xenograft growth, respectively; moreover, Merlin silencing reversed the tumor
suppression effect of circPOLA2 overexpression (Figures 7A-7C). Ki-67 expression was analyzed by IHC to evaluate cell proliferation. The re-
sults showed that circPOLA2 overexpression reduced Ki-67 expression and that Merlin silencing significantly reversed the inhibition of Ki-67
expression triggered by circPOLA2 overexpression (Figures 7D and 7E). Both 4-hydroxynonenal (4-HNE) and MDA are the end products of
lipid peroxidation, and are commonly used as biomarkers of lipid peroxidation.* We examined 4-HNE and MDA levels in xenograft tumors by
IHC staining and colorimetric methods, respectively. The results showed that circPOLA2-overexpressing tumors had increased 4-HNE stain-
ing and MDA levels compared to control tumors, while this increase was reversed by Merlin silencing (Figures 7F-7H). Taken together, these
data imply that Merlin mediates the effect of circPOLA2 on ferroptosis sensitivity and tumor suppression in NSCLC in vivo.

Finally, to verify the existence of the circPOLA2/Merlin/Hippo pathway in clinical NSCLC samples, we tested the Hippo pathway activity in 5
paired cancer and adjacent normal tissues from patients with NSCLC by WB. The results showed that the Hippo pathway activity of the cancer
tissues was significantly lower than that of the paired normal tissues (Figure S5). This was consistent with the decreased expression of circ-
POLAZ in cancer tissues (Figure 2H). Therefore, this result further supports the pivotal regulatory role of the circPOLA2/Merlin/Hippo pathway
in NSCLC progression.

DISCUSSION

To provide new insights into the tumorigenesis of NSCLC, we identified a significantly downregulated cytoplasmic circRNA, circPOLA2, in
NSCLC. By overexpressing or silencing circPOLA2, we found that circPOLA2 restrained NSCLC cell proliferation, migration, invasion, and
xenograft tumor growth. In addition, circPOLA2 dramatically promoted NSCLC cell ferroptosis induced by erastin. Mechanistic studies
showed that circPOLA2 binds to the C-terminal region of Merlin and restricts its phosphorylation at S518, leading to the activation of the Hip-
po signaling pathway. Subsequently, a reduction in active YAP mediated the ferroptosis-sensitizing and tumor-suppressive effects of
circPOLA2.

The vast majority of circRNAs accumulate in the cytoplasm, and miRNA sponging is the most commonly postulated function of circRNAs.”
However, most circRNAs contain few miRNA binding sites and are expressed at low levels,*”"*® making them unlikely to function as miRNA
sponges or as competing endogenous RNAs.*” An increasing number of studies have shown that circRNAs function by interacting with pro-
teins in both the nucleus and cytoplasm.”® For example, circ-CTNNBT1 interacts with the m6A regulator RBM15 and increases méA levels of key
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Figure 4. CircPOLA2 directly interacted with Merlin

(A and B) RNA pull-down assay was performed using the biotin-labeled antisense or sense (negative control) probes for the cirPOLA2 back-splicing site; the
protein products were used for silver staining (A) and mass spectrometry (MS) analysis (B).

PC9

(C) Venn diagram showing that 7 proteins overlapped with our MS data and ferroptosis regulators.

(D and E) RIP experiments were performed in A549 cells with or without circPOLA2 overexpression using anti-Merlin antibody or IgG control; the enrichment of
circPOLA2 was detected by RT-gPCR (D) or RT-PCR followed by agarose gel electrophoresis (E).

(F) FISH and IF double staining shows the colocalization of circPOLA2 (red) and Merlin (green) in A549 and PC9 cells; nuclei were stained with DAPI (blue); scale
bar: 20 pm.

(G) Schematic diagram showing the design of the truncated Merlin (top panel); RIP assay using anti-Flag antibody was performed to validate the binding domain
of Merlin with circPOLA2 (bottom panel). Data are presented as the mean + SD (n = 3 per group). *p < 0.05, **p < 0.01, ***p < 0.001.

See also Table S3.

glycolysis gene transcripts, thereby promoting aerobic glycolysis and tumorigenesis in osteosarcoma cells*'; circPTPRA suppresses bladder
cancer progression by binding to IGF2BP1 and inhibiting its interaction with downstream méA-modified mRNAs (MYC and FSCN1)*%; and
circtNDUFB2 has been found to act as a tumor suppressor in NSCLC by mediating the interaction between TRIM25 and IGF2BPs, thereby
facilitating the ubiquitination and degradation of IGF2BPs.* In this study, we found that circPOLA2 interacts with Merlin in the cytoplasm.
Furthermore, the C-terminal region of Merlin is essential for its interaction with circPOLA2.

iScience 27, 110832, September 20, 2024 9




¢? CellPress

OPEN ACCESS

iScience

A ¢ O B A549
éo‘\ é& f;‘a c}s\ é‘\ éa' Mock £ GircPOLA2-ShNC
\9 \y’}' \y'}' \y’}' \y’} \y'}' W \y'}‘ _ =m GicPOLA2 B circPOLA2-sh1
M [ circPOLA2-sh2
s & &L F L &L £ i
& € o S & <
P4
i ©
Merlin e S S SN G S S A, S - 0 02 £
. @
p-Merlin >
(Ser513) SN mem SR S a— S e S S ssm 70 kDa :
[
3
Latst MR D D BN G S R S W 000
PC9
-Lats1 - . - W e 140 kDa =1 Mock =3 circPOLA2-shNC
(T':1r1079) - ! - -— - = CioPOLA2 BB GrcPOLAD-gh
— 5 . cirGPOLAZ sh2
i . <
i - £
(Ser127) - W W e 70 kDa s
p ' ' — 2
3 . s <
[
A549 Ees CTGF CYR61 AREG MYC
Cc D
Mock + - + + - - circPOLA2-shNC + - - + - -
circPOLA2 -  + - = + o+ circPOLA2-sh1 - + - - + -
Merlin-shNC + + - - - - circPOLA2-sh2 - - + - - +
Merlin-sh1 - - + - + - Merlin-Vector + + + - - -
Merlin-sh2 - - - + - + Merlin(S518A) - - — + + +
Merlin - - .- - o 70 kDa Merlin ------ 70 kDa
PN e W Www WS S s 70 kDa A ——— 1 1,
(Ser518) (Ser518)
Lats! e @Wes swmm e swe s 140 kDa Lats1 (NS SR SN SN0 SN @M 140 kDa
p-Lats1 - S 140 kDa p-Lats1 140 kDa
(Thri079) » (Thriozg) N SS Ses GND S
o A e e
p-YAP " p-YAP
(Ser1z7) ™ - S W B 70 kDa (Ser127) B S wes ) B s 70 KDa
B-actin  wmme WEES wNES GNP wmme smmS 42 kDa B-actin  qup GNED GNES GWED SN mmw 42 kDa
E 3 —— 20 e 3 = 25 ——=
w » T ® —— o
=i X Q15 wg 9320
= > 2 > > x© > 2 s>
oe o= <o 215
gg g 1o 2g g <
2 2 2 ]
S 1{5 " 13 B 15 " S 10
. £ E £ 05 ] £ ® €05
0 0.0 i 0.0
Mock + - + + — — + -+ + - - + -+ + - - + -+ + - -
circPOLA2 - + — - + + -+ - -+ + -+ - -+ + -+ - -+ +
Merlin-shNC + + - - - - L R +i o= = == + + - - - -
Merlin-sht - — + — + - i S = =g = e ==& = =
Merlin-sh2 - - - + - + - - - + -+ - - = 4+ -+ - - - 4+ -+
F _— e — i
39— 2.5 — 4 P | 25 ——
e - - —
53 £ 5 20 833 == Q520 T
B>, > > o > s>
o2 0245 <2 0= 15
< o< <2 2<
= ZZ10 sZ 5Z10
T kL3 s S
SE e Eos C @ Eos
0 0.0 0 0.0
circPOLA2-shNC + - - + - - + - -+ - - d o= = e == + = = =
circPOLA2-sh1 - + - - + - = e kS = = =W -+ - - + -
circPOLA2-sh2 - - + - - + - -+ - -+ - -+ - -+ — — H§ — —~
Merlin-Vector + + + - - - + ++ - == + ++ - - - + o+t - -
Merlin(8518A) - - - + + + - - -+ + + - - -+ + + - - -+ + +

10 iScience 27, 110832, September 20, 2024



iScience ¢? CellPress
OPEN ACCESS

Figure 5. CircPOLA2 activated the Hippo signaling pathway by inhibiting the phosphorylation of Merlin

(A) Representative WB results show Hippo pathway activity in NSCLC cells with circPOLA2 overexpression or knockdown.

(B) The expression levels of classical oncogenes downstream of YAP were measured by RT-qPCR.

(C-F) Bidirectional rescue experiments were performed to examine the necessity of Merlin. Specifically, we silenced Merlin in circPOLA2-overexpressing PC9 cells
and overexpressed a constitutively activated Merlin mutant (S518A) in circPOLA2-silenced A549 cells. Representative WB results showing Hippo pathway activity
(C, D); the expression of classical oncogenes downstream of YAP was measured by RT-gPCR (E, F). Data are presented as the mean + SD (n = 3 per group).
*p < 0.05, **p < 0.01, ***p < 0.001.

See also Figure S2.

Dysregulation of the Hippo pathway is an important cause of many malignancies, including NSCLC.?*?' Merlin is a potent upstream acti-
vator of the Hippo pathway and contributes to the recruitment of core Hippo kinases.?'*? Similar to the other members of the ERM family of
proteins, Merlin is composed of an N-terminal FERM domain, an intermediate coiled-coil segment, and a C-terminal domain. However, unlike
other canonical ERM proteins, Merlin maintains an active state by intramolecular association between the FERM domain and the C-terminal
tail. The transition between the closed (active form) and open (inactive form) conformations is primarily controlled by the phosphorylation or
dephosphorylation of $518 in the C-terminal domain, which is induced by mitogenic or antimitogenic signals, respectively.”*** Consistent
with previous theories, we found that circPOL2 interacts with the C-terminal domain of Merlin and interferes with the phosphorylation of
S518, leading to the activation of the Hippo pathway. The transcriptional coactivators YAP and TAZ are the final effectors of the Hippo
pathway” and we found that p-YAP (5127) levels were significantly increased by circPOLA2 overexpression, while the expression of classical
oncogehes21 (CTGF, CYR61, AREG, and MYC) downstream of YAP/TAZ was reduced by circPOLA2 overexpression. These downregulated
oncogenes partly account for the tumor suppressive effects of circPOLA2 in NSCLC. As mentioned above, phosphorylation at S518 drives
the active-inactive cycle of Merlin, and mutation of S518 to alanine (5518A) has been demonstrated to mimic dephosphorylated Merlin.*
Consistently, our results showed that overexpression of mutant Merlin (S518A) reversed the inhibition of the Hippo pathway induced by circ-
POLA2 knockdown. Taken together, these results suggest that circPOLA2 activates the Hippo pathway by binding to Merlin and inhibiting its
phosphorylation at S518.

Targeting ferroptosis is a promising strategy for the treatment of cancer, including NSCLC.%*> Tumors have developed at least three stra-
tegies to escape ferroptosis and facilitate tumorigenesis, including limiting PUFA-PL synthesis and peroxidation, reducing the availability of
labile iron, and increasing cellular defenses against ferroptosis.® Targeting these ferroptosis evasion mechanisms represents a future direction
for the development of ferroptosis-inducing cancer treatments. As the final effectors of the Hippo pathway, YAP/TAZ have been reported to
repress ferroptosis in hepatocellular carcinoma cells through the TEAD/ATF4-SLC7A11 axis.”® Recently, two studies have reported that YAP
promotes ferroptosis resistance in NSCLC cells by interacting with the transcription factor CP2 (TFCP2), promoting the transcription of ferritin
heavy chain 1 (FTH1)?® and ferritin light chain 1 (FTL1)”” and further reducing intracellular labile iron levels. Our present study supports this
view, as the results show that YAP inhibition induced by circPOLA2 or mutant Merlin (S518A) overexpression markedly promoted lipid per-
oxidation and ferroptotic cell death in NSCLC cells, whereas the activation of YAP by circPOLA2 or Merlin knockdown significantly increased
ferroptosis resistance. In addition, the Hippo pathway inhibitor XMU-MP-1 reversed the effect of circPOLA2 on the ferroptosis sensitivity and
tumorigenicity of NSCLC cells. However, several studies have suggested an opposite role for YAP/TAZ in regulating ferroptosis in cancer
cells. For example, one team reported that TAZ induces ferroptosis in renal cell carcinoma® and epithelial ovarian cancer” through the
EMP1-NOX4 and ANGPTL4-NOX2 axes, respectively. Another team reported that YAP promotes ferroptosis by upregulating several ferrop-
tosis suppressors, including SLC7A11 and TFRC, in mesothelioma cells.”’ These seemingly contradictory observations may suggest that the
role of YAP/TAZ in ferroptosis depends on the specific cellular context and the transcription factors to which they bind.*®

In summary, we identified that circPOLA2 was downregulated in NSCLC tissues and cells, and we found that reduced circPOLA2 expres-
sion was correlated with advanced clinical stage in patients with NSCLC. We demonstrated that overexpression of circPOLA2 could inhibit the
proliferation and aggressiveness of NSCLC cells and increase lipid peroxidation and ferroptotic cell death. Mechanistically, we discovered
that circPOLA2 binds to the C-terminal domain of Merlin and restricts its phosphorylation at S518, leading to the activation of the Hippo
signaling pathway. Although the exact role and mechanism of YAP/TAZ in regulating ferroptosis require further investigation, our results sug-
gest that YAP enhances ferroptosis resistance in NSCLC cells both in vitro and in vivo. Our study provides new insights into the role of circR-
NAs in modulating ferroptosis and indicates that targeting the circPOLA2-Merlin-YAP axis is a promising therapeutic strategy for NSCLC.

Limitations of the study

The upstream mechanism of circPOLA2 downregulation needs further investigation. Although previous studies have shown that YAP could
promote ferroptosis resistance in NSCLC by increasing the expression of FTH1 and FTL1, this was not tested in our study; moreover, whether
other mechanisms involved in the regulatory role of YAP on ferroptosis remain unclear. YAP and TAZ are paralog transcriptional regulators,
but they also have distinctive features; whether TAZ has the same effect as YAP in regulating ferroptosis sensitivity in NSCLC has not been
validated in our study.

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Jian Tang (tangjianku@yeah.net).
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Figure 6. CircPOLA2 regulated the ferroptosis sensitivity and tumorigenicity of NSCLC cells via Merlin
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Figure 6. Continued

(G-1) Cells were treated with erastin (10 umol/L) or DMSO for 20 h; representative flow cytometry histogram of lipid peroxides stained with BODIPY 581/591 C11
(G), and the statistical results of the mean fluorescence intensity of oxidized BODIPY 581/591 C11 (H); intracellular MDA levels were measured by colorimetry, and
the results were expressed as pmol per mg protein (I).

(J) TEM images of mitochondria from PC9 cells treated with erastin (10 pmol/L) for 20 h. Data are presented as the mean + SD (n = 3 per group). *p < 0.05,
**p < 0.01, ***p < 0.001.

See also Figures S3 and S4.

Materials availability

This study did not generate new unique reagents.

Data and code availability

e CircRNA sequencing data have been deposited at GEO and are publicly available as of the date of publication. Accession numbers are listed in the key
resources table.

e This article does not report original code.

e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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Figure 7. CircPOLA2 sensitized NSCLC cells to ferroptosis and inhibited tumorigenesis via Merlin in vivo
The xenograft model was established by injecting PC9 cells stably overexpressing circPOLA2 with or without Merlin-shRNAs into the flanks of BALB/c nude mice.

(A) Gross tumor appearance in vivo and ex vivo.
(B) Growth curves were plotted from tumor sizes measured weekly.
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Figure 7. Continued

(C) Tumor weight was measured at the endpoint.
(

¢? CellPress

OPEN ACCESS

D and E) Representative pictures of Ki-67 stained by IHC (D) and statistical analysis of the staining intensity score (E).
(F and G) Representative pictures of 4-HNE stained by IHC (F) and statistical analysis of the staining intensity score (G).

(H) MDA levels in tumor lysates were measured by colorimetry, and the results were expressed as pmol per mg protein.
(I) Schematic illustrating the role of circPOLA2 in NSCLC. Data are presented as the mean + SD (n = 5 per group). *p < 0.05, **p < 0.01, ***p < 0.001.
See also Figure S5.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Rabbit monoclonal anti-Merlin

Rabbit monoclonal anti-Phospho-Merlin
(Ser518)

Rabbit monoclonal anti-YAP
Rabbit polyclonal anti-Phospho-YAP (Ser127)
Rabbit monoclonal anti-LATS1

Rabbit monoclonal anti-Phospho-LATS1
(Thr1079)

Rabbit monoclonal anti-Flag

Mouse monoclonal anti-Ki-67

Mouse monoclonal anti-4 Hydroxynonenal
Rabbit polyclonal anti-B-actin
HRP-conjugated Goat Anti-Rabbit IgG(H+L)
FITC-labeled goat anti-rabbit IgG

Rabbit IgG control Polyclonal antibody

Cell Signaling Technology
Cell Signaling Technology

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology

Cell Signaling Technology
Cell Signaling Technology
Abcam

Proteintech

Proteintech

Proteintech

Proteintech

Cat#12888; RRID: AB_2650551
Cat#13281; RRID: AB_2650552

Cat#14074; RRID: AB_2650491
Cat#4911; RRID: AB_2218913
Cat#3477; RRID: AB_2133513
Cat#8654; RRID: AB_10971635

Cat#14793; RRID: AB_2572291
Cat#9449; RRID: AB_2797703
Cat#ab48506; RRID: AB_867452
Cat#20536-1-AP; RRID: AB_10700003
Cat#SA00001-2; RRID: AB_2722564
Cat#SA00003-2; RRID: AB_2890897
Cat#30000-0-AP; RRID: AB_2819035

Bacterial and virus strains

DH5a. Fast Chemically Competent Cell Yeasen Biotechnology (Shanghai) Co., Ltd. Cat#11803ES80
pLCDH-ciR Geenseed Biotech Cat#GS0103
pCDH-CMV-EF1-Neo MiaoLing Biology Cat#P13674
pLKO.1-Puro MiaoLing Biology Cat#P0258
Biological samples

Human NSCLC tissues and adjacent normal The First Affiliated Hospital of Nanchang N/A

tissues University

Chemicals, peptides, and recombinant proteins

Lipofectamine 3000 Invitrogen Cat#L3000075
TRIzol reagent Invitrogen Cat#15596026
BODIPY™ 581/591 C11 Invitrogen Cat#D3861
Streptavidin magnetic beads Invitrogen Cat#65001
RNase inhibitor Takara Cat#2313A
Protease inhibitor cocktail MCE Cat#HY-K0010
Phosphatase Inhibitor Cocktail I MCE Cat#HY-K0022
Erastin MCE Cat#HY-15763
Ferrostatin-1 MCE Cat#HY-100579
Deferoxamine mesylate (DFO) MCE Cat#HY-B0988
Z-VAD-FMK MCE Cat#HY-16658B
3-methylademine (3-MA) MCE Cat#HY-19312
Ncerostatin-1 (Nec-1) MCE Cat#HY-15760
Actinomycin D MCE Cat#HY-17559
Ultra GelRed Vazyme Cat#GR501-01
RNase R Beyotime Cat#R7092M

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
XMU-MP-1 Selleck Cat#58334
Critical commercial assays

Fast Silver Stain Kit Beyotime Cat#P0017S
Lipid Peroxidation MDA Assay Kit Beyotime Cat#S0131M
Magna RIP Kit Millipore Cat#17-700
EZ-press RNA Purification Kit EZBioscience Cat#B0004D
Universal Genomic DNA Kit CoWin Biotech Cat#CW2298S
CellTiter-Glo® Luminescent Cell Viability Promega Cat#G7572
Assay

Cell Counting Kit-8 Dojindo Cat#CK04
Chemiluminescene Kit Thermo Cat#32109
Edu Apollo In Vitro Kit Ribobio Cat#C10310-2
Annexin V-APC/PI apoptosis detection kit Bestbio Cat#BB-41033
PARIS™ Kit Life Technologies Cat#AM1921
PrimeScript RT reagent Kit Takara Cat#RRO37A
PrimeSTAR Max Premix Takara Cat#R045A
SYBR gPCR Master Mix kit Vazyme Cat#Q712
2-step plus Poly-HRP Anti Rabbit/Mouse IgG Elabscience Cat#E-IR-R213
Detection Syste (with DAB Solution)

Deposited data

CircRNA sequencing data This paper GEO: GSE254362

circPOLA2 location on chromosome

Expression profiles of circRNAs in NSCLC

UCSC Genome Browser

GEO DetaSets

https://genome.ucsc.edu/

GSE101684; GSE112214

Annotation of circPOLA2 circBase http://circbase.org/

Ferroptosis regulators FerrDb http://www.zhounan.org/ferrdb/current/

Experimental models: Cell lines

A549 ATCC CCL-185

PC-9 Cell Bank/Stem Cell Bank, Chinese Academy of SCSP-5085
Sciences

H1299 ATCC CRL-5803

H1975 ATCC CRL-9482

BBM ATCC CRL-9482

2937 ATCC CRL-3216

Experimental models: Organisms/strains

Female BALB/c nude mice Beijing Vital River Laboratory Animal N/A
Technology Co., Ltd.

Oligonucleotides

Primers used for RT-PCR and RT-gPCR, see Beijing Tsingke Biotech Co., Ltd. N/A

Table S1

Oligonucleotides and primers used for RNA Beijing Tsingke Biotech Co., Ltd. N/A

pull-down, FISH and vector cloning, see

Table S2

Recombinant DNA

pCMV-3Tag-1A (NF2-FERM) Agilent N/A

pCMV-3Tag-1A (NF2-FULL) Agilent N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
pCMV-3Tag-1A (NF2-AC) Agilent N/A
pCMV-3Tag-1A (NF2-AFERM) Agilent N/A

Software and algorithms

Image-Pro Plus (version 6.0) Media Cybernetics https://mediacy.com/image-pro/

IBM SPSS Statistics (version 26.0) IBM Corp https://www.ibm.com/support/pages/
downloading-ibm-spss-statistics-26

FlwoJo (version 10.8.1) BD Life Sciences https://www.flowjo.com/solutions/flowjo/
downloads

GraphPad Prism (version 8.0.1) GraphPad https://www.graphpad-prism.cn/

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Patients and tissue samples

NSCLC tissues and adjacent normal tissues were obtained from 51 patients (Table 1) who underwent surgical resection at the First Affiliated
Hospital of Nanchang University. The inclusion criteria were age 18-80 years, primary lung cancer at first treatment, no preoperative treatment,
and postoperative pathologically confirmed NSCLC. The study was approved by the Ethics Committee of the First Affiliated Hospital of Nan-
chang University and carried out in accordance with the Helsinki principles. Written informed consent was obtained from all patients. Fresh
tissue samples were immediately frozen in liquid nitrogen and stored at -80°C until use.

Cell lines and cell culture

The human NSCLC cell lines A549, H1975, and H1299 and the human normal bronchial epithelial cell line BBM were acquired from the Amer-
ican Type Culture Collection (ATCC, USA). The human NSCLC cell line PC9 was purchased form Cell Bank/Stem Cell Bank, Chinese Academy
of Sciences. Human embryonic kidney cells (HEK-293T) were maintained in our laboratory. PC9, H1975, and H1299 cells were cultured in RPMI
1640 (Gibco, China) supplemented with 10% FBS and 1% penicillin-streptomycin. A549 and HEK-293T cells were cultured in DMEM (Gibco,
China) supplemented with 10% FBS and 1% penicillin-streptomycin. All cells were cultured in a humidified incubator at 37°C with 5% CO2.

Tumor xenograft model

Female BALB/c nude mice (3-4 weeks old) were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). A
subcutaneous tumor bearing nude mouse model was established by injecting 5x 10° PC9 cells into the flanks of BALB/c nude mice. Prior to
injection, PC9 cells were stably transfected with a circPOLA2 overexpression construct, Merlin knockdown construct, or empty vector. Tumor
size was measured weekly, and the tumor volume was calculated as follows: 0.52 xlength xwidth?. All mice were euthanized after 4 weeks, and
xenografts were weighed and collected. All animal experiments were performed in accordance with the guidelines of the National Institutes
of Health, and were approved by the Animal Use and Care Committee of NanChang University.

METHOD DETAILS

RNA sequencing and data analysis

CircRNA library preparation and high-throughput sequencing and data analysis were performed by SeqHealth Technology Co., Ltd. (Wuhan,
China). Briefly, total RNA was extracted from 4 paired NSCLC tissues and adjacent normal lung tissues using TRIzol reagent (Invitrogen,
Cat#15596026, USA). The RNA samples were then sequentially treated with DNase |, rRNA Depletion Kit, and RNase R to remove DNA, ri-
bosomal RNA, and linear RNA respectively. Finally, the library products corresponding to 200-500 bp were enriched, quantified and
sequenced on a DNBSEQ-T7 sequencer (MGl Tech Co., Ltd. China) with the PE150 model. Differentially expressed circRNAs between groups
were identified using the edgeR package (version 3.12.1). P<0.05 was used as the cutoff to assess the statistical significance of circRNA
expression differences. All differentially expressed circRNAs are listed in Table S4.

Reverse transcription PCR (RT-PCR) and real-time quantitative PCR (RT-qPCR)

Total RNA was extracted with the EZ-press RNA Purification Kit (EZBioscience, BO004D, USA), nuclear and cytoplasmic RNA was fractionated
by the PARIS™Kit (Life Technologies, AM1921, USA) according to the manufacturer’s instructions. Reverse transcription was performed with a
commercial kit (Takara, RRO37A, Japan) using oligo(dT) or random 6-mer primers. Genomic DNA was extracted using the Universal Genomic
DNA Kit (CoWin Biotech, CW2298S, China). RT-PCR was performed using the PrimeSTAR Max Premix (Takara, RO45A, Japan), and the prod-
ucts were visualized via electrophoresis on 1.5% agarose gel added with Ultra GelRed (Vazyme, GR501-01, China) stain. RT-gPCR was per-
formed using the SYBR gPCR Master Mix kit (Vazyme, Q712, China), and the gene expression was calculated using the 2227 method. All
the PCR primer sequences are presented in Table S1.
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Fluorescence in situ hybridization (FISH) and immunofluorescence (IF)

A Cy3-labeled antisense probe (Table S2) for circPOLA2 was synthesized by Beijing Tsingke Biotech Co., Ltd. (Beijing, China). Lung cancer
cells were cultured on coverslips, incubated with primary antibody specific for Merlin (Cell Signaling Technology, #12888, USA, 1:200 dilution)
at 4°C overnight, treated with FITC-labeled goat anti-rabbit IgG (Proteintech, SA00003-2, China, 1:1000 dilution) at room temperature for 2 h,
and then incubated with the FISH probe at 50°C for 4 h. Finally, the cell nuclei were stained with DAPI (4'6-diamidino-2-phenyhlindole). Images
were captured using a Leica Stellaris 5 confocal microscope (Germany).

Plasmids, lentivirus, and cell transfection

For circPOLA2 overexpression, full-length circPOLA2 was amplified by PCR from POLA2 cDNA using specific primers. The purified linear circ-
POLA2 fragment was subcloned and inserted into a modified pLCDH-ciR vector (Geenseed Biotech, China). For the expression of flag-tagged
wild-type and truncated merlin, full-length and truncated CDSs were amplified from a plasmid (pOTB7-NF2-2) containing the CDS of merlin
(MiaoLing Biology, China) and then subcloned and inserted into the vector pCMV-3Tag-1A (Agilent, USA). For the overexpression of mutant
merlin (5518A), a pair of ligament primers containing the mutated site was used for PCR-mediated site-directed mutagenesis, and then the
mutant merlin CDS was inserted into the vector pCDH-CMV-EF1-Neo (MiaoLing Biology, China). For knockdown constructs, shRNAs target-
ing circPOLA2 and merlin were synthesized by Beijing Tsingke Biotech Co. (Beijing, China) and then subcloned and inserted into the pLKO.1-
Puro vector (Miaoling Biology, China). All plasmids were transfected using Lipofectamine 3000 reagent (Invitrogen, L3000075, USA). Two
auxiliary vectors, pMD2.G and psPAX2, were used for lentiviral packaging in HEK 293T cells. Stable cell lines were obtained via neomycin
or puromycin (Invitrogen) selection for 2-3 weeks. All primers and oligonucleotides used for vector cloning are listed in Table S2.

RNA pull-down and mass spectrometry

Biotin-labeled sense (as a negative control) and antisense probes (Table S2) for the circPOLA2 back-splicing site were synthesized by Beijing
Tsingke Biotech Co. (Beijing, China). RNA pull-down assay was performed as follows: Briefly, A549 cell lysates were first prepared using IP lysis
buffer (Thermo, 87787, USA) supplemented with protease inhibitor cocktail (MCE, HY-K0010, USA) and RNase inhibitor (Takara, 2313A,
Japan); second, biotinylated probes were bound to streptavidin magnetic beads (Invitrogen, 65001, USA); third, cell lysates were added
to the probe-conjugated streptavidin magnetic beads and incubated overnight at 4°C; finally, the RNA-binding protein complexes were
collected and washed for further testing. A small fraction of the RNA pull-down products was separated by SDS-PAGE, followed by silver
staining using a Fast Silver Stain Kit (Beyotime, P0017S, China). The remaining fraction was analyzed by mass spectrometry (MS) by
SpecAlly Life Technology Co., Ltd (Wuhan, China). All significantly enriched proteins are listed in Table S3.

RNA immunoprecipitation (RIP) assay

The RIP assay was performed using the Magna RIP Kit (Millipore, 17-700, USA) according to the manufacturer’s protocol. Antibodies specific
for Merlin (CST, #12888, USA) and Flag-tag (CST, #14793, USA) and negative control rabbit IgG (Proteintech, 30000-0-AP, China) were used.
Input and coimmunoprecipitated RNAs were extracted using the EZ-press RNA Purification Kit (EZBioscience, BOO04D, USA) and subjected to
RT-PCR or RT-gPCR.

Lipid peroxidation measurement

Cells were seeded in 6-well plates and cultured overnight. The following day, the cells were treated with reagents for the indicated times. The
cells were then incubated with BODIPY™ 581/591 C11 (Invitrogen, D3861, USA) for 30 minutes before harvesting. Lipid peroxidation was
measured using a flow cytometer (NovoCyte D3000, Agilent, USA) with a 488 nm laser on a B530 detector. The flow cytometry results
were analyzed using FlowJo™ v10.8.1 Software (BD Life Sciences), and the mean fluorescence intensity was used for statistical analysis. Cells
were cultured on coverslips for fluorescence imaging. After staining with BODIPY™ 581/591 C11, nuclei were stained with DAPI. Images were
taken with a Leica Stellaris 5 confocal microscope (Germany).

Malondialdehyde (MDA) assay

Intracellular MDA levels were measured to determine the level of lipid peroxidation. Cells were seeded in 6-well plates and incubated with the
indicated treatments. MDA levels were tested using the Lipid Peroxidation MDA Assay Kit (Beyotime, SO131M, China) according to the man-
ufacturer’s instructions. The results are presented as pmol per mg protein.

Transmission electron microscopy (TEM) imaging

To observe the morphological changes in mitochondria, PC9 cells stably transfected with circPOLA2 overexpression or empty plasmid were
seeded into 10 cm dishes. After 12 hours, the cells were treated with erastin (10 umol/L) or DMSO for 20 hours. The cells were fixed with 2.5%
glutaraldehyde in 0.1 M PBS for 2 hours at 4°C. The cells were then scraped, collected and postfixed in 1% OsO4 for 2 hours at 4°C. The sam-
ples were then dehydrated through graded ethanol solutions and subsequently embedded in epoxy resin. Ultrathin sections were prepared,
stained with 2% uranyl acetate and examined using an HT7800 transmission electron microscope (HITACHI, Japan).
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Cell migration and invasion assays

Transwell assays were used to evaluate the migration and invasion ability of NSCLC cells in vitro. After 8 hours of serum starvation, A549 or PC9
cells were collected and adjusted to a concentration of 1x10° in 200 pl of serum-free medium, and plated into the upper chamber (Costar;
Corning, Inc; pore size: 3 um; Cat. No. 3495), which were coated with (for invasion assay) or without (for migration assay) 2% Matrigel (Corning,
USA). Chambers were incubated in a 24-well plate containing 750 pl medium supplemented with 20% FBS as a nutrient attractant. After
culturing for 12 h (for migration assay) or 24 h (for invasion assay), the chambers were collected, fixed with 4% polyformaldehyde, and stained
with 0.5% crystal violet. Cells on the upper chamber membrane were wiped off with a cotton swab. The migrated or invaded cells were photo-
graphed in five randomly selected fields under an orthotopic microscope (ZEISS Axio Lab.A1, Germany). The number of cells was calculated
using Image-Pro Plus version 6.0 (Media Cybernetics, Silver Spring, MD, USA).

Cell proliferation assay

For the Cell Counting Kit-8 (CCK-8, Dojindo, Japan) assay, cells were seeded in 96-well plates (1000 cells per well) and cell proliferation rates
were monitored for the following 4 days. Briefly, 10 ul of CCK-8 reagent and 100 pl of complete medium were mixed and added to each well.
After incubation for 2 h at 37°C away from light, absorbance was measured at 450 nm using a microplate reader. Each group set up three
technical replicates, and the assay was independently repeated three times. For the Edu (5-Ethynyl-2’-deoxyuridine; Ribobio, China) assay,
cells were cultured in a 24-well plate for 24 h, followed by incubation with a 50mM Edu solution for 2 h, and then fixed in 4% paraformaldehyde,
followed by permeabilization with 0.3% Triton for 10 min. then sequentially stained with Apollo® 643 and Hoechst 33342. The EdU-positive
cells were imaged with Leica Stellaris 5 Confocal Microscope (Germany), and counted using Image-Pro Plus version 6.0.

Cell viability and death assay

For the cell viability assay, cells were seeded in a lightproof 96-well plates (3000 cells per well) and incubated with the indicated treatments for
the appropriate time. Cell viability was tested using the CellTiter-Glo Viability Assay (Promega, G7572) according to the manufacturer’s in-
structions. Chemiluminescence signals were detected using a bioluminescence plate reader (Berthold Centro LB 960), and the results
were presented as relative ATP levels. Dead cells were double stained with Annexin V-APC and Pl (Bestbio, BB-41033, China) and measured
by flowcytometry with NovoCyte D3000 (Agilent, USA). The flow cytometry results were analyzed using FlowJo™ v10.8.1 Software (BD Life
Sciences).

Western blotting

Proteins were extracted by the RIPA lysis buffer (Thermo, USA) and separated through SDS-PAGE followed by transfer to PVDF membranes
(Millipore, USA). Proteins on the PVDF membranes were incubated with primary antibodies for Flag-tag (CST, #14793, USA), Merlin
(CST, #12888, USA), p-Merlin (s518) (CST, #13281, USA), Lats1(CST, #3477, USA), p-Lats1(Thr1079) (CST, #8654, USA), YAP (CST, #14074,
USA), p-YAP(Ser127) (CST, #4911, USA), and B-actin (Proteintech, 20536-1-AP, China) at 4°C overnight. They were then incubated with
HRP-conjugated secondary antibody (Proteintech, SA00001-2, China) for 1 hour at room temperature. Finally, the blots were visualized
with an enhanced chemiluminescene kit (Thermo, 32109, USA) on the Bio-Rad chemiluminescence system.

Immunohistochemistry (IHC)

Tissues were fixed with 4% paraformaldehyde and embedded in paraffin, then sliced into 5 pm slices. IHC was carried out with a commercial
kit (Elabscience, E-IR-R213, China) according to the manufacture’s instruction. Primary antibodies for Ki-67(1:800, CST, #9449, USA) and 4 hy-
droxynonenal (4-HNE) (1:200, abcam, ab48506, USA) were used. Images were captured by a ZEISS Axio Lab.A1 microscope (Germany) and
blindly evaluated by two pathologists. The staining intensity was scored on a scale of 0 to 3 (0, negative; 1, weakly positive; 2, moderately
positive; 3, strongly positive) and the percentage of positive cells was scored on a scale of 0 to 4 (0, negative; 1, positive in 1%-25%; 2, positive
in 26%-50%; 3, positive in 51%-75%; 4, positive in 76%-100%)."”*® The products of staining intensity multiplied by the percentage of positive
cells were used for statistical analysis.

Reagents and treatments

To study the stability of RNAs, total RNA (2 ng) was incubated with 4 U/ug RNase R (Beyotime, R7092M, China) for 30 min at 37°C. A549 cells
were seeded in six-well plate and treated with 2 pg/ml actinomycin D (MCE, HY-17559, USA) when the cells reached 60-70% confluence, then
harvested at the indicated time points. To study cell ferroptosis, the ferroptosis inducer erastin (MCE, HY-15763, USA) was used at the indi-
cated concentration; the ferroptosis inhibitors ferrostatin-1 (MCE, HY-100579, USA) and DFO (MCE, HY-B0988, USA) were used at Tumol/L
and 50pmol/L respectively; apoptosis inhibitor Z-VAD-FMK (MCE, HY-16658B, USA) at 10umol/L, autophagy inhibitor 3-methylademine
(3-MA) (MCE, HY-19312, USA) at 2mmol/L, and necroptosis inhibitor ncerostatin-1 (Nec-1) (MCE, HY-15760, USA) at 10umol/L. The expression
of circPOLA2 and its linear counterpart POLA2 mRNA were measured by RT-qPCR. For inhibition of the Hippo pathway, XMU-MP-1 (Selleck,
58334, USA) was added to the culture medium at a concentration of 3uM.
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QUANTIFICATION AND STATISTICAL ANALYSIS

All data are expressed as the mean + SD unless otherwise stated. For numerical variables, Student'’s t test and ANOVA were used for com-
parisons between two groups or among multiple groups respectively, and Bonferroni's correction was used for post hoc analysis after
ANOVA. Clinical characteristics were analyzed using the chi-squared test and Spearman’s coefficient. Statistical analyses were performed us-
ing IBM SPSS Statistics (version 26.0), and P < 0.05 was considered to indicate significance (*P < 0.05; **P < 0.01; ***P < 0.001).
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