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by the ERK1/2 MAPK signaling in lung adenocarcinoma
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SUMMARY

Lung adenocarcinoma (LUAD) is one of the leading causes of cancer-related death worldwide. Epithelial-
mesenchymal transition (EMT) plays an important role in malignant tumor progression. Recently, accumu-
lating evidence has shown that autophagy is involved in the regulation of EMT-induced migration. There-
fore, the exploration of targets to inhibit EMT by targeting autophagy is important. In this study, we
found that OVO-like zinc finger 2 (OVOL2) may be a key target for regulating autophagy-induced EMT.
Firstly, we found that OVOL2 expression was dramatically downregulated in LUAD. Low expression of
OVOL2 is an indicator of poor prognosis in LUAD. In vitro experiments have shown that downregulation
of OVOL2 expression induces EMT, thereby promoting malignant biological behavior, such as prolifera-
tion, migration, and invasion of LUAD cells. Interestingly, autophagy is a key step in regulating OVOL2
and inducing EMT. Furthermore, OVOL2 regulates autophagy through the MAPK signaling pathway, ul-
timately inhibiting the malignant progression of LUAD.

INTRODUCTION

Lung cancer is the second most common malignancy and the leading cause of death worldwide."? An estimated 2 million new cases and 1.76
million deaths are reported each year.’ Lung adenocarcinoma (LUAD) has become the most common lung cancer subtype, accounting for
more than 50% of cases, and its incidence is increasing.” However, the prognosis for patients is often poor, as most patients have advanced
disease at the time of diagnosis, with a 5-year survival rate of less than 20%.”

Tumor metastasis is the leading cause of cancer-related mortality.® Metastasis is a complex biological process that is difficult to treat.” Epithe-
lial mesenchymal transition (EMT) is key to the metastatic process and is considered an essential step by which epithelial-derived malignant tumor
cells acquire the ability to migrate and invade. Among the biological processes, autophagy, which is a self-degrading process, has recently been
reported to be instrumental in cancer cell metastasis.® Increasing evidence demonstrates that these two processes are intricately intertwined in
metastasis. Autophagy plays an important role in the regulation of EMT. For example, in melanoma, Atg3, Atg5, Atg?, and Atg12 knockout-
induced autophagy deficiency, increased p62 levels, decreased E-cadherin expression and promoted cell migration, invasion, and proliferation.”
In human osteosarcoma cells, autophagy promotes invasion and metastasis by activating the EMT."® More importantly, targeting the interaction
between EMT and autophagy has potential for cancer prevention and therapy.’" Therefore, blocking EMT and autophagy is theoretically a prom-
ising anti-tumor strategy. However, reports on the specific regulatory relationship between them are few and thus deserve further investigation.

OVOL2, a member of the OVO family of conserved zinc-finger transcription factors, is thought to have originally regulated embryonic
development and sperm formation.'”'® In recent years, research has shown that OVOL2 plays an important role in the initiation and devel-
opment of many tumors. The main function of OVOL2 is to inhibit cell proliferation, promote cell differentiation, and maintain the epithelial
differentiation state.'” A study in colorectal cancer showed that OVOL2 attenuates the expression of MAP3KS8 to suppress EMT,'” and a study
in cutaneous squamous cell carcinoma showed that OVOL2-mediated ZEB1 downregulation can prevent the promotion of actinic keratosis.'®
A study on osteosarcoma showed that OVOL2 induces EMT by targeting ZEB1."” However, the role and mechanism of OVOL2 in tumors must
be further investigated.
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Figure 1. OVOL2 is a specific prognostic biomarker in LUAD

(A) IHC staining analysis of OVOL2 expression in tissue microarrays of lung cancer specimens.

(B) The proportions of LUAD patients with different OVOL2 expression levels.

(C) Kaplan-Meier survival curve showing the correlation between the OVOL2 IHC score and OS of LUAD patients.

(D) The proportions of LUSC patients with different OVOL2 expression levels.

(E) Kaplan-Meier survival curve analysis showing the correlation between the OVOL2 IHC score and OS in LUSC patients.

(F) Kaplan-Meier survival curve analysis showing the correlations between LN metastasis and OS in LUAD patients.

(G) Forest plots showing the multivariate risk factors of LUAD patients.

(H) Correlation analysis between the OVOL2 IHC score and LN metastasis.

(I) Kaplan-Meier survival curve showing the correlation between the OVOL2 IHC score and OS in a subgroup of LUAD patients (LN metastasis).
(J) Kaplan-Meier survival curve showing the correlation between the OVOL2 IHC score and OS in a subgroup of LUAD patients (tumor size >3cm).
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Figure 1. Continued

(K) Kaplan-Meier survival curve showing the correlation between the OVOL2 IHC score and OS in a subgroup of LUAD patients (TNM stage II).

(L) Western blotting shows the differences in the OVOL2 protein between eight pairs of LUAD tissue and adjacent nonmalignant tissue.

(M) Real-time PCR showing the differences in the OVOL2 mRNA levels between eight pairs of LUAD tissue and adjacent nonmalignant tissue. *p < 0.05,
**p < 0.01, ***p < 0.001. Data were expressed as the mean + SDs.

In the current study, we demonstrated that OVOL2 was dramatically downregulated in LUAD tumor tissues, and low OVOL2 expression in
patients with LUAD is indicative of poor prognosis. OVOL2 may serve as a specific prognostic biomarker of LUAD. More importantly, we
demonstrated that downregulated OVOL2 promoted the occurrence of EMT by inhibiting autophagy. Low expression of OVOL2 induces
autophagy by activating the MAPK signaling pathway, leading to the malignant progression of LUAD. Our results revealed a novel function
of OVOL2 in tumor cells and may serve as a new therapeutic strategy for targeting OVOL2 in LUAD.

RESULTS
OVOL2 expression pattern and its correlation with prognosis in human LUAD

To verify the expression pattern of OVOL2 in lung cancer, a large cohort of 194 nonsmall cell lung cancer (NSCLC) samples (including 93 cases
of LUAD and 101 cases of LUSC) was evaluated by immunohistochemistry (IHC) staining (Figure 1A). The results of 93 LUAD patients show that
46.5% of LUAD patient samples were negative for OVOL2 staining (Figure 1B). Furthermore, decreased OVOL2 expression was associated
with poor overall survival (OS) and disease-free survival (DFS) (Figures 1C and S1A). We also examined OVOL2 expression in 101 patients
with LUSC using IHC. The results showed that 50% of patients with LUSC had negative OVOL2 staining (Figure 1D). No significant association
was found between OVOL2 expression and OS in LUSC (p = 0.57, Figure 1E). The same results were confirmed with OVOL2 expression in DFS
(p = 0.48, Figure S1B). These results suggested that a unique relationship exists between the expression of OVOL2 and the prognosis of pa-
tients with LUAD.

We then analyzed the correlation between OVOL2 expression and other clinical indicators of LUAD. However, no significant correlation
was found between OVOL2 expression and routine clinicopathological characteristics, such as age and gender. The Cox regression model
showed that decreased OVOL2 expression and lymph node (LN) metastasis were independent risk factors for OS and DFS in LUAD
(Figures 1F, and S1C; Tables S1 and S2). The results of multivariate analysis for OS and DFS in patients with LUAD are presented in forest plots
(Figure 1G). This series of results indicated that OVOL2 could be used as a specific biomarker in LUAD patients. After removing missing data, a
total of 23 out of 42 (54.8%) cases with LN metastasis had low OVOL2 expression levels. By contrast, only 12 out of 38 (31.6%) cases without LN
metastasis had low OVOL2 expression levels (p = 0.037, Figure 1H). We further investigated the differential prognosis between high and low
OVOL2 expression levels in three high-risk recurrence subgroups: LN metastasis, tumor size >3 cm and TNM stage |l disease. Surprisingly,
the patients with low OVOL2 expression still had worse OS among the three subgroups (Figures 11-1K). A similar trend was estimated for DFS
in the three subgroups (Figures STD-S1F). Next, we selected eight pairs of fresh LUAD tissue samples and adjacent tissue samples for WB
(Western Blotting) and verified that OVOL2 expression was significantly lower in LUAD tissues than in para tumor tissues (Figure 1L and
S2A). The real-time PCR results showed a similar trend in the other eight pairs of tissue specimens (Figure 1M and Table S3). Thus, our results
clearly indicate that OVOL2 is expressed at low levels in LUAD tissues, and low OVOL2 expression levels correlate with a poor prognosis. We
reasoned that decreased OVOL2 expression may play an important role in LUAD progression and recurrence.

Knockdown of OVOL2 promotes LUAD cell proliferation, migration, and invasion in vitro
Next, we investigated the biological functions of OVOL2 in the TCGA database; GO (Gene Ontology) function analysis indicated that OVOL2
expression was associated with cell proliferation and metastasis (Figure S3A and Table S4). Firstly, we used PC9 and A549 cells to establish
stable knockdown and overexpression cell lines. At the same time, we constructed the control cells sh-Ctrl and Vector, respectively. The ef-
ficiency of OVOL2 deletion and overexpression were confirmed by WB and real-time PCR (Figures 2A and S2B-S2E). Then, we evaluated the
proliferation of LUAD cells with different expression levels of OVOL2 by using colony formation (Figure 2B), EDU (5-ethynyl-2'-deoxyuridine)
proliferation assay (Figure 2C) and CCK-8 assay (Figure 2D). The results showed that the OVOL2-knockdown group had a stronger prolifer-
ative ability. However, the proliferation ability was decreased after the overexpression of OVOL2. Real-time PCR was used to verify that
OVOL2 knockdown increased the expression level of ki-67, which is a key protein of cell proliferation (Figures S3B and S3C; Table S3). Trans-
well assay (Figure 2E) and wound-healing assay (Figure 2F) in PC9 and A549 cells showed that OVOL2 knockdown promoted invasion and
migration, when the upregulation of OVOL2 suppressed the migration and invasion abilities in vitro.

All these results suggest that the decrease in OVOL2 expression induces the proliferation, invasion, and metastasis of LUAD cells, which
corroborates our previous analysis of clinical data showing that patients with LUAD with low OVOL2 expression levels have an increased likeli-
hood of having increased tumor size, LN metastasis, and TNM stage (Figures 11-1K).

Knockdown of OVOL2 promotes EMT in LUAD

To investigate further whether the proliferation and migration of LUAD cells regulated by OVOL2 are related to EMT, we used gene set enrich-
ment analysis (GSEA) based on the TCGA database. The results indicated that OVOL2 expression was negatively correlated with EMT in
LUAD (Figure 3A). Next, we analyzed the mRNA expression levels of OVOL2 in EMT-associated genes using the ENCORI database and found
that OVOL2 was positively correlated with the epithelial phenotype E-cadherin (Figure 3B), but negatively correlated with the mesenchymal
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Figure 2. Knockdown of OVOL2 promotes LUAD cell proliferation, invasion, and migration in vitro

A) The construction of the OVOL2 stable knockdown and overexpression in PC9 and A549 LUAD cell lines.

B) Colony formation assay showing the effects of OVOL2 knockdown or overexpression in PC9 and A549 cell growth.

C) EDU proliferation assay showing the proliferative abilities in knockdown and overexpression groups of PC9 and A549 cells.
D) CCK-8 assay analysis of the impact of OVOL2 knockdown or overexpression on PC9 and A549 cell growth.

E) The invasive ability of the OVOL2 knockdown or overexpression in the invasion assay.
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F) Wound-healing assay comparing the migration distance of OVOL2 knockdown or overexpression on PC9 and A549 cells. *p < 0.05, **p < 0.01, ***p < 0.001.

phenotypes vimentin, N-cadherin, TWIST1, ZEB1, SNAIL, and MMP9 (Figures 3C-3H). Furthermore, WB was used to verify that the knockdown
of OVOL2 decreased E-cadherin and increased vimentin in PC9 and A549 cells (Figures 31, S2F, and S2G). Conversely, OVOL2 overexpression
showed the opposite effects on these proteins in PC9 and A549 cells (Figures 3J, S2H, and S2I). We also used the real-time PCR to verify that
the knockdown of OVOL2 increased mesenchymal phenotypes, such as N-cadherin, MMP9, TWIST1, ZEB1, SNAIL, vimentin, and SLUG
(Figures 3K and 3L, Table S3). All these results suggest that the knockdown of OVOL2 promoted EMT and that OVOL2 may regulate the ma-

lignant phenotypic transformation of LUAD cells.
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Figure 3. Knockdown of OVOL2 promotes EMT in LUAD

(A) GSEA validating the correlation between OVOL2 expression and epithelial-mesenchymal transition in LUAD.

(B) OVOL2 was positively correlated with epithelial phenotypes E-cadherin.

(C-H) OVOL2 was negatively correlated with mesenchymal phenotypes vimentin, N-cadherin, TWIST1, ZEB1, SNAIL, and MMP9.

(I'and J) Western blotting analysis of EMT-related protein levels of OVOL2 knockdown and overexpression on PC9 and A549 LUAD cell lines.

(K and L) Real-timePCR analysis of EMT-related mRNA levels in PC9 and A549 cells. *p < 0.05, **p < 0.01, ***p < 0.001. Data were expressed as the mean + SDs.

OVOL2 overexpression induces autolysosomal vacuolization

During the experiment, we found that many vacuoles appeared under the microscope in OVOL2-overexpressing cells (Figure 4A). Previous
studies have reported that the vesicular structure of sh-NUPR1 lentivirus transfection in A549 cells may be acidic autophagy or lysosomes. '
Thus, we boldly hypothesized that OVOL2 overexpression was associated with autophagic cancer cell death. To verify whether OVOL2 is
involved in regulating autophagy, we first detected the expression of autophagy-related proteins by WB. Reduced OVOL2 expression
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Figure 4. OVOL2-overexpression induces autolysosomal vacuolization

(A) Overexpression of OVOL2 induces a large number of vesicle-like structures in H1975 and Calu3 cells.

(B and C) Western blotting analysis of autophagy-related protein level of OVOL2 knockdown or overexpression in PC9 and A549 cells.

(D) Clinical specimens show OVOL2 and pé2 protein expression via immunohistochemistry (IHC).

(E and F) Autophagy was evaluated using TEM in PC9 and A549 sh-Ctrl and sh-OVOL2 cells. The arrows indicate autophagosomes or autolysosomes. Scale bar:
2um.

(G and H) PC9 sh-Ctrl, PC9 sh-OVOL2, A549 sh-Ctrl, and A549 sh-OVOL2 cells were immunostaining with antibodies against LC3B. Scale bar: 20pm.*p < 0.05,
**p < 0.01, ***p < 0.001. Data were expressed as the mean + SDs.

resulted in decreased levels of LC3B Il, Beclin-1, Atg5 and Atg7 and increased levels of p62 (Figures 4B, S2J, and S2K), whereas OVOL2 over-
expression showed the opposite effects on these proteins in PC9 and A549 cells (Figures 4C,S2L, and S2M). Next, we used 93 cases of LUAD
samples, which tested for OVOL2 expression to examine pé2 protein expression via IHC (Figure 4D). Besides, we also conducted a correlation
analysis between OVOL2 and p62 based on the immunoreactivity score. The results showed that OVOL2 was negatively correlated with p62
expression (Figure S4E). Then we observed the number of autophagosomes in the PC9 and A549 sh-OVOL2 groups by transmission electronic
microscopy. The results showed that the number of autophagosomes was decreased in sh-OVOL2 cells compared with control PC9 and A549
cells (Figures 4E and 4F). We also assessed autophagosomes by GFP-LC3B dot formation, and consistently, the results showed that the
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Figure 5. Knockdown of OVOL2 promoted EMT by inhibiting autophagy in the LUAD cell line

(A and B) Western blotting analysis of EMT and autophagy-related protein levels in PC9 and A549 cells.

(C and D) Real-time PCR analysis of mesenchymal phenotypes mRNA levels in PC9 and A549 cells.

(E) Sh-OVOL2 cells were pretreated with rapamycin. The cell proliferation activity was detected by EDU proliferation assay in sh-Ctrl, sh-OVOL2, and sh-
OVOL2+rapamycin groups. *p < 0.05, **p < 0.01, ***p < 0.001. Data were expressed as the mean + SDs.

number of GFP-LC3B dots in PC9 and A549 sh-OVOL2 cells was lower than that in sh-Ctrl cells (Figures 4G and 4H). These results indicated
that the knockdown of OVOL2 inhibited autophagy in LUAD cells, which was confirmed from another aspect that the massive death of LUAD
cells by overexpression of OVOL2 was responsible for the activation of autophagy.

Autophagy inhibited by knockdown of OVOL2 promotes EMT in LUAD cells
Several studies have shown that autophagy may play an important role in the regulation of EMT.'%"? To determine whether OVOL2-mediated
autophagy is associated with EMT in LUAD cells, we used rapamycin and CQ to activate and inhibit autophagy, respectively. When we treated
OVOL2 knockdown cells with rapamycin to activate autophagy, EMT-related proteins changed accordingly. WB results showed that epithelial
phenotypes increased E-cadherin, which was originally suppressed. The mesenchymal phenotype vimentin was decreased, which was orig-
inally increased (Figures 5A, S2N, and S20). Meanwhile, when OVOL2-overexpressed cells were treated with CQ to inhibit autophagy, WB
showed the opposite effects on these proteins in LUAD PC9 and A549 cells (Figures 5B, S2P, and S2Q). Real-time PCR results showed that
after rapamycin-activated autophagy in OVOL2 knockdown cells, the mRNA levels of vimentin, ZEB1, TWIST, and SLUG were reduced
(Figures 5C and 5D).

Additionally, we re-tested cell proliferation activity under sh-OVOL2 conditions in co-treatment with rapamycin, and cell proliferation ac-
tivity changed accordingly. Remarkably, rapamycin treatment significantly inhibited cell proliferation activity, which was initially strengthened
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Figure 6. Knockdown of OVOL2 inhibited cell autophagy through the MAPK signaling pathway in LUAD
(A) Plate clone formation assay assessed the cell proliferation activity in sh-Ctrl, sh-OVOL2, and sh-OVOL2+rapamycin groups.

(B and C) The cell proliferation activity was detected by CCK-8 assay in sh-Ctrl, sh-OVOL2, and sh-OVOL2+rapamycin groups.

(D) Signal pathway enrichment analysis of TCGA database by RNA-seq.
(E and F) The effect of the downregulation and upregulation of OVOL2 expression on MAPK signaling pathway activation was verified by western blotting in PC9

and A549 cells.
(G) Sh-OVOL2 cells were pretreated with PD98059. Western blotting analysis of the protein levels of p-ERK1/2, ERK1/2, and autophagy-related protein. *p < 0.05,

**p < 0.01, ***p < 0.001. Data were expressed as the mean + SDs.

in OVOL2 knock-down cells by EDU proliferation assay, plate clone formation assay (Figures 5E and 6A), and CCK-8 assay (Figures 6B and 6C).
On the contrary, when we treated OVOL2 overexpression cells with CQ to inhibit autophagy activity, CQ treatment significantly strengthened
cell proliferation, which was initially inhibited in OVOL2 overexpression cells by CCK8 assay(Figures S4A and S4B), plate clone formation assay
(Figure S4C). Meanwhile, we re-tested cell invasion activity under sh-OVOL2 conditions in co-treat with rapamycin. Accordingly, rapamycin
treatment significantly inhibited cell invasion activity, which was initially strengthened in OVOL2 knock-down cells by transwell assay (Fig-
ure S4D). Taken together, these results indicated that the knockdown of OVOL2 promoted EMT by inhibiting autophagy in the LUAD cell line.

Knockdown of OVOL2 inhibits cell autophagy via the MAPK signaling pathway in LUAD
To demonstrate further the downstream molecular mechanism of OVOL2, we used GSEA software to explore some related signaling path-
ways. Pathway enrichment was performed on the basis of differentially expressed genes. Notably, in addition to genes in pathways involved in
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cancer, genes in the MAPK signaling pathway were significantly enriched (Figure 46D and Table S5). Next, WB revealed that downregulated
OVOL2 expression strengthens the protein level of p-ERK1/2in PC? and A549 cells. However, the protein level of p-p38 did not change signif-
icantly (Figures 6E, 6F, and S2R-S2U). To investigate the relationship between the MAPK pathway and autophagy, we treated PC9 and A549
OVOL2 knockdown cells with PD98059, an MEK/ERK inhibitor. p-ERK1/2 expression was significantly increased in sh-OVOL2 cells but was
effectively suppressed upon treatment with PD98059. WB further showed that the PD98059-mediated inhibition of p-ERK1/2 significantly
attenuated the levels of the autophagy-related proteins Atg5, Atg7, Beclin1, and LC3B I-ll and increased the levels of pé2 in sh-OVOL2 cells
(Figures 6G, S2V, and S2W). All these results indicated that OVOL2 regulated autophagy in LUAD cells through the ERK1/2 MAPK signaling
pathway.

DISCUSSION

Previous studies have confirmed that OVOL2 plays an important role in tumor development and metastasis.”” % In our study, we first found
that the expression level of OVOL2 was significantly reduced in LUAD tumor tissues and negatively correlated with the OS and DFS of patients
with LUAD using a large-scale LUAD tissue microarray. Low OVOL2 expression was an independent risk factor in patients with LUAD that had
poor prognosis and was significantly associated with clinicopathological features, such as tumor size, LN metastasis, and TNM stage. Surpris-
ingly, in contrast to patients with LUSC, those with LUAD showed a detectable correlation between OVOL2 expression and prognosis. This
correlation is the first evidence of the significance of OVOL2 in LUAD, and OVOL2 may be used as a specific biomarker and target in LUAD.
The reason for this result may be that although LUAD and LUSC are histologically classified as NSCLC, significant differences were found in
their molecular composition, response to systemic treatment strategies and survival prognosis.”*** In addition, significant differences were
found between LUAD and LUSC in gene expression and microbial abundance associated with recurrence and metastasis.”

The occurrence and development of tumors are closely related to biological processes, including EMT and autophagy.”® EMT is the mech-
anism most closely associated with tumor cell invasion and metastasis and is characterized by morphological and physiological changes, such
as loss of cell polarity, disruption of intracellular junctions, and increased growth and invasion.”” Multiple studies have shown that OVOL2, as a
transcription factor, inhibits EMT in tumor cells.??%?? This result is consistent with our research results. In the current work, the downregu-
lation of OVOL2 promoted cell proliferation, migration, invasion, and EMT. Autophagy is a type of programmed cell death that is known
to play a dual role in cancer, acting as a cytoprotective or cytotoxic mechanism and playing a pivotal role in the tumor metastatic process.™
At the same time, dysregulated autophagy plays a key role in cancer cell survival and death and is therefore gaining increasing attention in
cancer therapy.”'* In particular, in advanced cancer, enhancing and inhibiting autophagy have been proposed as therapeutic strategies,***
and induction or inhibition of autophagy contributes to the efficacy of immunotherapy.” In this study, we showed that the downregulation of
OVOL2 affected the downstream autophagy-related markers Beclin-1, pé2, Atg5, Atg7, and LC3B. Most importantly, when we established
OVOL2 overexpression cell lines, several LUAD cell lines, such as H1975, Calu3, HCC827, and H1299, were used, resulting in significant
cell death and preventing the establishment of stable overexpression cell lines. We concluded that the reason for cell death may be excessive
autophagy. The knockdown of OVOL2 resulted in decreased autophagy levels, indicating that the overexpression of OVOL2 promotes auto-
phagy and leads to significant LUAD cell death.

The relationship between autophagy and EMT is complex. Emerging evidence has shown that EMT and cancer metastasis are directly
correlated with autophagy. Elucidating the crosstalk between autophagy and EMT may provide new targets for cancer treatment. However,
whether autophagy promotes or inhibits EMT remains arguable. On the one hand, some studies have suggested that stimulated autophagy
promotes the occurrence of EMT in hepatocellular carcinoma cells.*” On the other hand, some studies have shown that autophagy inhibits the
occurrence of EMT in gastric cancer cells.*® Autophagy can also reverse EMT by reducing key proteins, such as SNAIL, SLUG, and TWIST in
human glioblastoma cells.*” To date, several studies have demonstrated that tumor cells can use EMT or autophagy in response to micro-
environmental stress, that EMT and autophagy negatively regulate each other and that they are capable of interconversion.”®*" In this study,
we confirmed that OVOL2-mediated autophagy is associated with EMT in LUAD cells. We performed a series of experiments to clarify this
point. We used Atg5, Atg7, LC3B-I/Il, and p62 as autophagy markers; E-cadherin as an epithelial phenotype marker; and vimentin as an inter-
stitial phenotype marker. When we stimulated downregulated OVOL2 cells with rapamycin (an autophagy activator), OVOL2 knockdown-
induced LUAD cell EMT-related proteins E-cadherin and vimentin were rescued. On the contrary, when we used an autophagy inhibitor chlo-
roquine (CQ) to inhibit autophagy in OVOL2 overexpression cells, EMT-related proteins changed accordingly. Here, we report for the first
time the possible interaction between autophagy and EMT mediated by OVOL2 and its consequences in cancer metastasis.

To investigate the mechanism underlying how OVOL2 regulates autophagy in LUAD cells, GSEA was used for KEGG pathway enrichment
analysis. The results showed that genes in the MAPK signaling pathway were significantly enriched. ERK1/2, p38, and JNK are the three most
abundant subfamilies of MAPK. Among them, ERK1/2 MAPK is mainly involved in lung cell death, pathogenesis, development, carcinogenic
activity, and the growth of lung cancer cells.”*** In addition, the ERK1/2 MAPK signaling pathway may be an important pathway of autophagy
in cancer.”™*? In the present study, we found that p-ERK1/2 expression changed with OVOL2 expression but not p-p38 expression. When we
stimulated downregulated OVOL2 cells with PD98059 (an ERK/MEK inhibitor), the OVOL2 knockdown-inhibited LUAD cell autopsy was
rescued. However, this part of the research still has several limitations. Firstly, further molecular biology experiments are needed to explore
the underlying mechanism (such as the interaction) of the activation of the ERK1/2 MAPK and EMT signaling pathways induced by the upre-
gulation of OVOL2. Second, previous studies of OVOL2 in LUAD progression, especially its correlation with the ERK1/2 MAPK pathway, were
limited, thus also limiting our exploration of the molecular mechanism to some extent. Therefore, our findings may initially provide a basis for
further studies to explore the downstream mechanism of OVOL2 expression-induced LUAD progression.
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Conclusions

In conclusion, we confirmed that OVOL2 expression was lower in LUAD and that patients with low OVOL2 expression had a worse prognosis.
OVOL2 may serve as a specific prognostic biomarker in patients with LUAD. Our study demonstrated for the first time that OVOL2 induces
autophagy-mediated EMT through ERK1/2 MAPK signaling. All these data highlight the biological functions of OVOL2 and the novel OVOL2-
mediated mechanism, which may be a new target for LUAD therapy.

Limitations of the study

There are some limitations in our studly. Firstly, in this study, only 93 LUAD cases were included, which is not sufficient to allow a larger compar-
ative assessment. Therefore, future experiments should examine more samples. Second, current research is insufficient in time and funding to
complement in vivo experiments. It should be pointed out that, this exclusion does not undermine the fundamental premise of the research.
However, animal models will be further improved in future research.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-OVOL2 antibody Abcam Cat# ab169469; RRID:AB_3083579

Anti-beta Actin antibody Abcam Cat# ab8227; RRID:AB_2305186

Anti-APG5L/ATGS antibody [EPR1755(2)] Abcam Cat# ab108327; RRID:AB_2650499

Anti-ATG7 antibody [EP1759Y] Abcam Cat# ab52472; RRID:AB_867756

Anti-Beclin-1 antibody [EPR19662] Abcam Cat# ab302669; RRID:AB_3083581

Anti-SQSTM1/p62 antibody [EPR18351] Abcam Cat# ab207305; RRID:AB_2885112

Anti-Vimentin antibody [EPR3776] Abcam Cat# ab92547; RRID:AB_10562134

Phospho-p44/42 MAPK (Erk1/2)
LC3B (D11)

Phospho-p38 MAPK

p44/42 MAPK (Erk1/2) (137F5)
p38 MAPK (D13E1)

E-Cadherin (24E10)

Cell Signaling technology
Cell Signaling technology
Cell Signaling technology
Cell Signaling technology
Cell Signaling technology
Cell Signaling technology

Cat#4370; RRID: AB_2315112
Cat#3868; RRID: AB_2137707
Cat#4511 ; RRID:AB_2139682
Cat#4695; RRID:AB_390779
Cat#8690; RRID:AB_10999090
Cat#3195; RRID:AB_2291471

Biological samples

Human Lung cancer tissue

Human Lung tissue

Tianjin Medical University Cancer
Institute and Hospital (Tianjin, China)
Tianjin Medical University Cancer
Institute and Hospital (Tianjin, China)

N/A

N/A

Chemicals, peptides, and recombinant proteins

PD98059 MedChemExpress Cat# HY-12028
Rapamycin (Sirolimus) Selleck Cat# S1039
Chloroquine(CQ) Selleck Cat# S6999
RPMI-1640 Gibco Cat# 11875101
Critical commercial assays

CCK-8 Cell Proliferation and Cytotoxicity Assay Kit Solarbio Cat# CA1210
BeyoClick™ EdU Cell Proliferation Beyotime Cat# C0071

Kit with Alexa Fluor 488

Deposited data

TCGA database

The Genomic Data Commons (GDC)

https://portal.gdc.cancer.gov/

Experimental models: Cell lines

Human cell line: A549 Gift from Yi Luo N/A
Human cell line: PC9 Gift from Yi Luo N/A
Human cell line: Calu3 Gift from Yi Luo N/A
Human cell line: H1975 Gift from Yi Luo N/A
Human cell line: HEK293T N/A N/A
Oligonucleotides

Primers for gPCR, see Table S1 This study N/A
Software and algorithms

ImageJ (Fiji) ImageJ Software N/A
GraphPad Prism7 GraphPad Software N/A
R4.21 The R Foundation for Statistical Computing https://www.r-project.org/
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RESOURCE AVAILABILITY
Lead contact

For further information and requests for resources, please contact Hua Guo (guohua@tjmuch.com).

Materials availability

This study did not generate new unique reagents.

Data and code availability
e Data reported in this paper will be shared by the lead contact upon request.
e This paper 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.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Clinical samples

Human LUAD, lung squamous cell carcinoma (LUSC) and adjacent nonmalignant tissue samples were obtained from the Tianjin Medical Uni-
versity Cancer Institute and Hospital (Tianjin, China) between January 2007 and December 2010. None of the patients had undergone adju-
vant therapy, such as radiotherapy or chemotherapy, before surgical resection. All tissue samples were verified to be LUAD, LUSC or adjacent
normal tissue by two independent pathologists, and the samples were staged on the basis of the 8th edition of the Cancer Staging Manual of
the American Joint Committee on Cancer. The study was consistent with the ethical guidelines of the Helsinki Declaration and approved by
the Ethics Committee.

Cell line and cell culture

Experimental cell lines including A549, PC9, Calu3, H1975 cells were purchased from American Type Culture Collection (ATCC, Manassas, VI).
Cells were cultivated in 1640 medium (Corning, NY, USA), supplemented with 1% penicillin/streptomycin (PS; HyClone, Logan, UT, USA) and
10% fetal bovine serum (FBS; PAN-Seratech, Edenbach, Germany), and the incubating temperature was 37 °C, with 5% CO2.

METHOD DETAILS

Immunohistochemistry

The human LUAD tissue microarrays were deparaffinized in xylene and rehydrated through an ethanol series, and antigen was then retrieved
in citrate. The cells were treated with 3% hydrogen peroxide for 10 min to inhibit endogenous peroxide activities. Then, the samples were
stained using OVOL2 and p62 antibodies at room temperature for 30 min and overnight at 4°C. After washing, tissue microarrays and sections
were incubated with secondary antibodies for 1 h at room temperature. The sections were visualised with 3,3-diaminobenzidine solution
(ZSGB-Bio) treatment and counterstained with hematoxylin. The percentage immunoreactivity score was classified on a four-point scale: 0.
<10% positive cells; 1. 10%-40% positive cells; 2. 40%-70% positive cells; 3. 70%-100% positive cells.

Cell viability assay

Cells were plated in a 96-well plate at 2000cells/well. Then, added 10pL of CCK-8 reagent (Dojindo) in each well and coincubated with the cells
in a 37°C incubator for 4h. The OD value of the wavelength at 450nm was measured by an enzyme labeling instrument. The cell proliferation
curve was drawn by continuous detection for 3-4 days.

Colony formation assay

For the colony formation assay, 1000 cells in 1640 supplemented with 10% FBS were plated in six-well plates. After 2 weeks of incubation, the
surviving colonies were fixed, stained with 0.5% crystal violet, imaged, and counted, and the data are presented as the means + SDs of trip-
licate dishes in the same experiment.

Wound healing assay

For the wound healing assay, 1.5-2x10¢ cells were plated in a 6-well plate. The next day, a 10ul pipette tip was used to generate an even
wound in the Petri dishes. After the Petri dishes were washed with PBS twice, 2% FBS was added in 1640 medium. The distance of the wound
was recorded and calculated by every 3h, and é random distances were finally counted. Images were captured with a microscope at 10x
magnification. Data processing was performed after 24-48h recording, and GraphPad was used to analyze the distance of two groups on
the last time point such as 24h or 48h by paired t-test and mapping the data.
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Invasion assay

For the chemotaxis and invasion assay, 24-well plates and 8-um-pore chemotaxis chambers (Falcon) were used. Especially, for the invasion
assay, matrigel was thawed in the ice bath under aseptic conditions, diluted to a concentration of 1 mg/mL with PBS, and frozen at —20°C for
further use. Then diluted matrigel was taken out, thawed in the ice bath, plated on the polycarbonate membrane of the 24-well plate transwell
chamber with a volume of 50uL, and polymerized into a gel at 37°C for 1h. Then, 20% FBS medium was added to the bottom plate of the
24-well plate (600uL/well), while 200uL of the appropriate concentration of cell suspension was added to the chamber. After the incubating
of the well plate containing the chambers was completed, the cells which failed to pass through the chamber were rinsed out. Then the cells
were processed with PFA solution, 100% methanol solution, and a three-step staining kit. Three randomly selected fields under the upright
microscope were imaged, and the number of cells passing through each field was counted for statistical analysis.

Transfection assay

To obtain lentiviral particles, packaging plasmids (VSVG and AR) and expression plasmids (sh-OVOL2, sh-Ctrl, OVOL2, and Vector) were trans-
fected into HEK293T cells using Lipofectamine 2000 (Invitrogen). The lentiviruses were produced by HEK293T cells. PC9 and A549 cells were
infected with a lentivirus to produce stable OVOL2 KD and OE cells.

Fluorescence microscopy and confocal microscopy

PC9 and A549 cells were infected with a lentivirus expressing mCherry-GFP-LC3 fusion protein. After the knocking down of OVOL2 or lucif-
erase, samples were examined using an epifluorescent microscope (Olympus BX61, Tokyo, Japan). For confocal microscopy, cells (105) were
seeded on a coverslip coated with poly-lysine (Sigma-Aldrich, P6282) in 24-well plates. After being fixed with 4% paraformaldehyde for 15 min
at room temperature (RT), the cells were washed 2 times in phosphate-buff-ered saline (PBS, pH 7.4; Invitrogen, 10010023). The coverslips
were mounted on glass slides using Vectashield with 4’, 6-dia-midino-2-phenylindole (DAPI; Thermo Scientific, 62248) and examined using
a Zeiss LSM510 laser scanning confocal microscope (Carl Zeiss, Jena, Germany).

Transmission electron microscopy

Cells were trypsinized, washed with 0.1M PBS, and fixed with a solution containing 3% glutaraldehyde, and 2% paraformaldehyde (Sigma-
Aldrich, 340855 and P6148, respectively) in 0.1 M PBS for 2h at RT. After fixation, the cells were washed with 0.1 M PBS and postfixed with
1% buffered osmium tetroxide (Sigma Aldrich, 75632) for 45 min at RT, and stained with 1% uranyl acetate (Ted Pella, Inc., 19481). After dehy-
dration in graded series ethanol, the cells were embedded in EMbed 812 medium (Electron Microscopy Sciences, 14120) and were polymer-
ized at 70°C for 2d. Ultrathin sections were cut on a Leica Ultra cut microtome (Leica, Vienna, Austria) and stained with uranyl acetate and lead
citrate in a Leica EM Stainer. Digital TEM images were acquired from thin sections using a JEM 1010 transmission electron microscope (JEOL,
Peabody, MA, USA) at an accelerating voltage of 80 kV equipped with AMT Imaging System (Advanced Microscopy Techniques, Danvers,
MA, USA).

QUANTIFICATION AND STATISTICAL ANALYSIS

Clinical data were evaluated using SPSS 26.0 for Windows (SPSS Inc., Chicago, IL).

Student’s t test was used for comparing two groups, and One-way ANOVA was applied for comparing multiple groups. Spearman cor-
relation coefficient was used to assay the correlation between OVOL2 and P62 expression. Kaplan-Meier analysis was performed to produce
overall survival (OS) and disease-free survival (DFS) curves and the log rank test was used to calculate p values. Spearman correlation analysis
was used to analyze the relationships between the staining score of OVOL2 and clinicopathological factors. *p < 0.05, **p < 0.01,

***p < 0.001 were considered statistically significant.
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