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Abstract 
 

Background: Optic atrophy protein 3 (OPA3) regulates mitochondrial function, but its contribution to 

cancer progression and adaptation to hypoxic tumor microenvironments remains incompletely 

understood. 

Methods: We examined OPA3 expression across 31 cancer types and investigated its function using 

CRISPR/Cas9 knockout in five cancer cell lines with different KRAS backgrounds. Proliferation, 

clonogenic growth, mitochondrial metabolism, and ATP production were evaluated in vitro. Pancreatic 

cancer xenografts, hypoxia experiments, and spatial transcriptomic analyses were used to assess tumor 

growth and HIF-1α-associated responses. 

Results: OPA3 expression varied across cancer types. OPA3 knockout preferentially impaired 

proliferation and clonogenic growth in the KRAS-mutant cell lines examined, with reduced 

mitochondrial respiration and ATP production observed in PANC-1 cells. Despite limited effects on 

KRAS-wild-type BxPC-3 cells in vitro, OPA3 depletion suppressed both PANC-1 and BxPC-3 

xenograft growth. Under prolonged hypoxia, OPA3-deficient cells exhibited reduced HIF-1α protein 

accumulation and impaired clonogenic growth. Spatial transcriptomic analyses identified a positive 

association between OPA3 and HIF1A expression in pancreatic tumor-associated tissues. However, 

these observations do not establish direct HIF-1α stabilization or a causal relationship in human tumors. 

Conclusions: OPA3 supports pancreatic tumor growth through context-dependent processes associated 

with mitochondrial metabolism and hypoxic adaptation. Its effects extend beyond KRAS mutation status 

in xenograft models, although the underlying mechanisms require further validation. These findings 
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identify OPA3 as a candidate regulator of tumor-microenvironment adaptation rather than an 

established therapeutic target. 

 

Keywords: OPA3; pancreatic cancer; mitochondrial metabolism; tumor hypoxia; HIF-1α; KRAS; 

tumor microenvironment. 

 

1. Introduction 

Cancer progression partly depends on malignant cells' ability to adapt their metabolism and survival 

programs to changing microenvironmental conditions (1, 2). In this context, we demonstrated that Optic 

Atrophy Protein 3 (OPA3) expression is upregulated in human pancreatic tumor tissues and is regulated 

by oncogenic KRAS (Kirsten rat sarcoma viral oncogene homolog) signaling (3). Genetic knockdown 

of OPA3 significantly decreased energy metabolism and inhibited cell proliferation. Our findings 

indicate that OPA3 can promote cellular energy metabolism to offset KRAS-mediated mitochondrial 

impairment, thereby maintaining energy homeostasis (3). 

OPA3 was initially implicated in hereditary optic neuropathies through the identification of disease-

associated mutations, establishing its importance in mitochondrial homeostasis and cellular function (4, 

5). OPA3 localizes to the outer mitochondrial membrane, where it has been implicated in mitochondrial 

fragmentation and the regulation of mitochondrial morphology. Experimental studies further 

demonstrated that OPA3 expression can sensitize HeLa cervical cancer cells to apoptosis induced by 

agents such as staurosporine, suggesting a potential role in cellular stress responses (6). Beyond these 

mitochondrial functions, emerging evidence indicates that OPA3 expression is altered in several 

malignancies, including pancreatic, ovarian, colorectal, and squamous cell cancers, although its 

biological effects vary across tumor types and experimental models (3, 7–9). These findings suggest 

that OPA3 may influence tumor-cell behavior through mechanisms that depend on cellular and 

molecular context. In contrast to studies supporting a tumor-promoting role, OPA3 overexpression has 

been reported to alter lipid droplet formation, suppress colorectal cancer cell proliferation, and increase 

sensitivity to bevacizumab (10). These observations highlight the heterogeneous functions of OPA3 in 

cancer and underscore the need to define the conditions that determine its effects on tumor progression. 

Despite emerging evidence linking OPA3 to several malignancies, its context-dependent functions and 

underlying molecular mechanisms remain poorly understood. In the present study, our findings indicate 

that OPA3 depletion impaired cell proliferation capacity and cellular metabolism in mutant KRAS-

expressing cancer cell lines, but not in cells harboring wild-type KRAS. Notably, OPA3 knockout also 

suppressed tumor growth in both KRAS-mutant PANC-1 and KRAS-wild-type BxPC-3 xenografts, with 

reduced HIF-1α protein abundance observed in BxPC-3 tumors. These findings suggest that OPA3 may 

contribute to tumor growth through mechanisms associated with hypoxic adaptation, although a causal 

role for HIF-1α remains to be established. 

2. Results 

OPA3 expression is dysregulated across human cancers 

Building on our previous study (3), we first characterized OPA3 expression patterns across human 

cancers and assessed whether KRAS mutation status affects its expression. We compared OPA3 

expression between tumor and corresponding normal tissues across 31 cancer types using GEPIA. 

OPA3 expression showed heterogeneous tumor-normal patterns among different malignancies, 

indicating that OPA3 dysregulation is context-dependent (Fig. 1A, Table S1). In pancreatic cancer 

samples (PAAD), OPA3 expression was higher in tumor tissues than in corresponding normal tissues 
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(Fig. 1A). These data align with our previous immunohistochemistry analyses, which showed higher 

OPA3 protein levels in pancreatic cancer tissues than in their normal counterparts (3). OPA3 mRNA 

levels were higher in tumor tissues from 22 cancer types and lower in diffuse large B-cell lymphoma 

and testicular germ cell tumors, based on the reported differential expression threshold (P ≤ 0.05; Fig. 

1A). There were no statistical differences in OPA3 mRNA levels between the remaining 7 cancer types 

and normal tissues (highlighted in grey, P>0.05).  

Given the established role of KRAS mutations in pancreatic cancer (15), colon and rectal cancer (16), 

and lung cancer (17), we further examined whether OPA3 expression was associated with KRAS 

mutation status in these specific cancer types. OPA3 expression was not significantly different between 

KRAS-mutant and KRAS-wild-type pancreatic and lung tumors, while OPA3 expression was slightly 

increased in KRAS-mutant colon and rectal cancers (Fig. 1B). Furthermore, CCLE quantitative 

proteomic analysis showed no difference in OPA3 expression among pancreatic and colon cancer cell 

lines, whereas OPA3 protein levels were higher in KRAS-mutant lung cancer cells (Suppl. Fig.S1). 

TCGA analyses identified an association between KRAS pathway activity and OPA3 mRNA expression 

across the four cancer types (Suppl. Fig.S2). This association is compatible with a relationship between 

KRAS signaling and OPA3 expression but does not establish direct regulation by KRAS. Collectively, 

these analyses of public datasets indicate that OPA3 mRNA and protein expression are altered in diverse 

human cancers, exhibit limited concordance, and are largely independent of KRAS mutation status. 

 

Figure 1. OPA3 expression in tumor samples. (A) OPA3 mRNA levels in tumor and corresponding normal tissues were 

analyzed using GEPIA (https://gepia3.bioinfoliu.com) based on TCGA and GTEx transcriptomic data (listed by t-statistic 

values; cfr. Suppl. Table S1). OPA3 mRNA expression is higher in cancer types highlighted in red (P≤0.05) and downregulated 

in cancer types highlighted in blue (P≤0.05). OPA3 mRNA levels did not differ significantly between cancer types and normal 

tissues highlighted in grey (P>0.05). (B) Analyses of OPA3 mRNA levels in wild-type and mutant KRAS pancreatic, lung, 

colon, and rectal tumor tissues using TCGA datasets. Statistics: GEPIA-derived differential expression analysis for A; 

Wilcoxon rank-sum test for B. Abbreviations: ACC, adrenocortical carcinoma; BLCA, bladder urothelial carcinoma; BRCA, 

https://cancerbiometherapy.com/index.php/cbtt/libraryFiles/downloadPublic/44
https://cancerbiometherapy.com/index.php/cbtt/libraryFiles/downloadPublic/44
https://gepia3.bioinfoliu.com/
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breast invasive carcinoma; CESC, cervical squamous cell carcinoma and endocervical adenocarcinoma; CHOL, 

cholangiocarcinoma; COAD, colon adenocarcinoma; DLBC, lymphoid neoplasm diffuse large B-cell lymphoma; ESCA, 

esophageal carcinoma; GBM, glioblastoma multiforme; HNSC, head and neck squamous cell carcinoma; KICH, kidney 

chromophobe; KIRC, kidney renal clear cell carcinoma; KIRP, kidney renal papillary cell carcinoma; LAML, acute myeloid 

leukemia; LGG, brain lower grade glioma; LIHC, liver hepatocellular carcinoma; LUAD, lung adenocarcinoma; LUSC, lung 

squamous cell carcinoma; OV, ovarian serous cystadenocarcinoma; PAAD, pancreatic adenocarcinoma; PCPG, 

pheochromocytoma and paraganglioma; PRAD, prostate adenocarcinoma; READ, rectum adenocarcinoma; SARC, sarcoma; 

SKCM, skin cutaneous melanoma; STAD, stomach adenocarcinoma; TGCT, testicular germ cell tumors; THCA, thyroid 

carcinoma; THYM, thymoma; UCEC, uterine corpus endometrial carcinoma; UCS, uterine carcinosarcoma. 

OPA3 gene knockout suppresses proliferation capacity preferentially in KRAS-mutant cancer 

cells 

We have previously demonstrated that genetic knockdown of OPA3 impairs PANC-1 cell proliferation 

(3). To test whether OPA3 contributes to cancer cell growth across a broader panel of cell lines, we 

generated OPA3-knockout cell lines for pancreatic (PANC-1 and BxPC-3), lung (A549 and HCC827), 

and colon (HCT116) cancers with different KRAS genetic backgrounds (mutant and wild-type). 

Immunoblotting confirmed efficient depletion of OPA3 expression in two independent knockout clones 

for each cell line, while β-actin served as the loading control (Fig. 2A–E). 

 

Figure 2. OPA3 gene knockout suppresses proliferation capacity preferentially in KRAS-mutant cancer cells. (A–E) 

OPA3 (20 kDa) and actin (loading control, 43 kDa) protein levels in OPA3-KO stable cancer cell lines were evaluated by 

immunoblotting. PANC-1, A549, and HCT116 cells harbor mutant KRAS. BxPC-3 and HCC827 harbor wild-type KRAS. (F–

J) Cell proliferation in control and OPA3-KO cells was analyzed by cell counting. (K–O) Cell proliferation in control and 

OPA3-KO cells was analyzed by colony formation assay and quantified. Statistics: Data represent means ± SEM of at least 

three separate experiments. Two-way ANOVA for F–J. One-way ANOVA followed by Dunnett post hoc test for K–O. 
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We first evaluated short-term cell proliferation by cell counting. In KRAS-mutant cancer cells, including 

PANC-1 (G12D), A549 (G12S), and HCT116 (G13D) cells, OPA3 knockout substantially reduced cell 

growth compared with control cells (Fig. 2F-H). In contrast, in BxPC-3 and HCC827 cells expressing 

wild-type KRAS, OPA3 knockout showed a proliferation rate similar to that of control cells (Fig. 2I-J). 

We next assessed long-term clonogenic survival using colony formation assays. Consistent with the 

short-term cell proliferation profiles, OPA3 depletion markedly impaired colony-forming ability in 

KRAS-mutant cancer cells (Fig. 2K-M), whereas OPA3 knockout had no inhibitory effect on clonogenic 

survival in KRAS-wild-type cancer cells (Fig. 2N-O). Within the cell-line panel examined, OPA3 

depletion preferentially impaired proliferation and clonogenic growth in KRAS-mutant cells; whether 

KRAS mutation status independently determines this response remains unresolved. 

OPA3 knockout impairs mitochondrial energy metabolism in PANC-1, but not in BxPC-3 cells 

We previously demonstrated that OPA3 promotes tumor growth by increasing energy metabolism (3). 

We therefore compared mitochondrial metabolism in PANC-1 and BxPC-3 pancreatic cancer cells, 

which differ in KRAS status and in how OPA3 affects cell proliferation. We investigated whether OPA3 

depletion altered mitochondrial function and cellular energy metabolism in PANC-1 cells. Seahorse 

mitochondrial stress assays were performed to measure oxygen consumption rate (OCR) in OPA3-

knockout cells, and the loss of OPA3 caused a marked impairment of mitochondrial respiration. OPA3 

knockout reduced the FCCP-stimulated oxygen consumption rate in PANC-1 cells, indicating impaired 

maximal mitochondrial respiratory capacity (Fig. 3A). 
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Figure 3. OPA3 knockout impairs mitochondrial energy metabolism in PANC-1, but not in BxPC-3 cells. (A–B) Real-

time measurement of OCR and ECAR for PANC-1 OPA3-KO cells using the Seahorse analyzer. (C) Mitochondrial function 

in PANC-1 cells was analyzed by flow cytometry using the MitoTracker Red probe. (D–E) Lactate and glucose contents were 

quantified in PANC-1 cell culture medium. (F) Intracellular ATP content was quantified in PANC-1 cells. (G–H) Real-time 

measurement of OCR and ECAR for BxPC-3 OPA3-KO cells using the Seahorse analyzer. (I) Mitochondrial function in BxPC-

3 cells was analyzed by flow cytometry using the MitoTracker Red probe. (J–K) Lactate and glucose contents were quantified 

in the culture medium of BxPC-3 cells. (L) Intracellular ATP content was quantified in BxPC-3 cells. Statistics: Data represent 

means ± SEM of at least three separate experiments. One-way ANOVA followed by Dunnett post hoc test for C–F and I–L. 

ECAR and MitoTracker Red measurements showed no consistent changes (Fig. 3B–C), whereas 

extracellular glucose and lactate measurements indicated altered metabolic activity in OPA3-knockout 

cells (Fig. 3D–E). ATP levels were approximately two-fold higher in PANC-1 control cells, suggesting 

that the observed metabolic changes did not compensate for reduced mitochondrial respiration. In 

contrast, most parameters remained unchanged in OPA3-KO BxPC-3 cells (Fig. 3G–J). Extracellular 

lactate levels decreased in both BxPC-3 knockout clones (Fig. 3K), whereas ATP levels increased in 

clone 1 (Fig. 3L). Together, these findings indicate that OPA3 knockout reduces ATP availability in 

PANC-1 cells, consistent with impaired proliferation, but does not produce a comparable ATP reduction 

in BxPC-3 cells. 

OPA3 knockout suppresses PANC-1 and BxPC-3 in vivo tumor growth 

To further determine the role of OPA3 in promoting tumor progression, we established subcutaneous 

xenograft models using these same OPA3-knockout PANC-1 and BxPC-3 cells. In the PANC-1 

xenograft model, OPA3 knockout markedly suppressed tumor growth compared with control cells, as 

reflected by reduced tumor growth curves and decreased tumor weights (Fig. 4A–B). 

 

Figure 4. OPA3 knockout suppresses PANC-1 and BxPC-3 in vivo tumor growth. (A) Nude BALB/c mice were inoculated 

with control or OPA3-KO PANC-1 cancer cells, and the changes in tumor volume over time were measured. (B) Weights of 

PANC-1 tumors were quantified at the endpoint. (C) Photograph of excised PANC-1 tumors. All seven control mice developed 



Qiu et al. Cancer Biome and Targeted Therapy 2026; 1(4): 28-44 

 

	
	

34 

measurable tumors, whereas tumors developed in only 3 of 8 mice injected with OPA3-KO clone 1 and 2 of 8 mice injected 

with OPA3-KO clone 2. The remaining 5 and 6 mice, respectively, remained tumor-free throughout the experiment. (D) OPA3 

(20 kDa) and actin (loading control, 43 kDa) protein levels in PANC-1 tumors were evaluated by immunoblotting. (E) Nude 

BALB/c mice were inoculated with control or OPA3-KO BxPC-3 cancer cells, and the changes in tumor volume over time 

were measured. Each experimental group comprised seven mice. (F) Weights of BxPC-3 tumors were quantified at the 

endpoint. (G) Images of BxPC-3 tumors. (H) OPA3 and actin (loading control) protein levels in BxPC-3 tumors were evaluated 

by immunoblotting. (I) Correlation between OPA3 protein levels and tumor weights in BxPC-3 sg-CTL tumors. (J) HIF-1α 

(110-130 kDa) and actin (loading control, 43 kDa) protein levels in BxPC-3 tumors (as indicated above the figure) were 

evaluated by immunoblotting. Statistical analyses: Tumor-volume data in panels A and E were analyzed using a generalized 

linear model following log10 data transformation. Tumor weights in panels B and F were analyzed using one-way ANOVA 

followed by Dunnett's post hoc test. Spearman's rank correlation test was used for panel I. All mice were included in the 

PANC-1 xenograft analyses (n=7 for control; n=8 for each OPA3-KO clone; panel B), with tumor-free mice assigned zero 

tumor volume and endpoint tumor weight. 

All seven control PANC-1 mice developed tumors, compared with 3 of 8 mice injected with OPA3-KO 

clone 1 and 2 of 8 injected with clone 2; the remaining 5 and 6 mice, respectively, remained tumor-free 

(Fig. 4C, Suppl. Fig.S3). These findings indicate impaired tumor establishment following OPA3 

knockout. Immunoblotting confirmed OPA3 depletion in tumors arising from knockout cells (Fig. 4D). 

Given the differential effects of OPA3 depletion in KRAS-mutant and KRAS-wild-type cells in vitro, 

we examined BxPC-3 xenografts. OPA3 knockout reduced BxPC-3 tumor volumes and weights (Fig. 

4E–G), with depletion confirmed by immunoblotting (Fig. 4H). OPA3 abundance positively correlated 

with control BxPC-3 tumor weights (Fig. 4I). 

To explore the discrepancy between in vitro and in vivo findings, we examined hypoxia, a 

microenvironmental factor linked to metabolic reprogramming and therapeutic resistance (18). HIF-1α 

abundance was reduced in both BxPC-3 OPA3-KO tumor groups (Fig. 4J). Together, these findings 

indicate that OPA3 depletion suppresses pancreatic xenograft growth across different KRAS 

backgrounds, potentially involving hypoxia-related signaling. 

OPA3 depletion reduces HIF-1α accumulation and impairs clonogenic growth under prolonged 

hypoxia 

Because we observed decreased HIF-1α expression in OPA3-KO BxPC-3 tumors, we analyzed how 

OPA3 expression and hypoxia affect tumor cell proliferation and survival. After 8 h of exposure to 

normoxia (21% O₂) or hypoxia (1% O₂), OPA3 knockout did not appreciably alter HIF-1α protein 

abundance in BxPC-3 cells compared with the corresponding controls (Fig. 5A–B). 

However, HIF-1α expression decreased in OPA3-KO BxPC-3 cells under hypoxia for 48 h (Fig. 5A-

C), and they showed impaired growth under hypoxic conditions (Fig. 5D-E). We then analyzed HIF-1α 

expression in mutant KRAS-expressing cancer cells. Similar to BxPC-3 cells, HIF-1α expression 

decreased in OPA3-KO mutant KRAS cells under hypoxia for 48 h (Fig. 5F-G). These results implicate 

OPA3 in maintaining HIF-1α protein accumulation during prolonged hypoxia, although the underlying 

mechanism and its contribution to tumor growth remain to be established. 

Consistent with an association between OPA3 and hypoxia-related signaling, analysis of TCGA 

datasets revealed positive correlations between OPA3 mRNA expression and hypoxia pathway activity 

in pancreatic adenocarcinoma, lung adenocarcinoma, colon adenocarcinoma, and rectal 

adenocarcinoma (Suppl. Fig. S4). These transcriptomic associations are observational and do not 

establish a causal role for OPA3 in regulating hypoxic responses. 

https://cancerbiometherapy.com/index.php/cbtt/libraryFiles/downloadPublic/44
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Figure 5. OPA3 depletion reduces HIF-1α accumulation during prolonged hypoxia. (A) OPA3 (20 kDa), HIF-1α (110–

130 kDa), and actin (loading control, 43 kDa) protein levels in control and OPA3-KO BxPC-3 cells, under normoxic or 

hypoxic conditions for 8 h and 48 h, were evaluated by immunoblotting. (B–C) Quantification of HIF-1α protein levels in 

BxPC-3 cells after 8 h and 48 h hypoxia. (D) Cell proliferation in control and OPA3-KO BxPC-3 cells, under normoxic or 

hypoxic conditions, was analyzed by colony formation assay. (E) Quantification of cell colonies. (F) OPA3, HIF-1α, and actin 

(loading control) protein levels in mutant KRAS-expressing cancer cells, under normoxic or hypoxic conditions for 48 h, were 

evaluated by immunoblotting. (G) Quantification of HIF-1α protein levels in KRAS-mutant cancer cells after 48 h of hypoxia. 

Statistics: Two-way ANOVA (comparing data under normoxic or hypoxic conditions separately) for panels B, C, E, and G. 

Spatial transcriptomic analysis links OPA3 expression to HIF1A expression in pancreatic cancer 

tissues 

Given that OPA3 depletion reduced HIF-1α accumulation under prolonged hypoxia, we next 

investigated whether OPA3 and HIF1A expression were spatially associated in human pancreatic 

tissues. To address this question, we analyzed spatial transcriptomic profiles from four pancreatic tissue 

sections representing adjacent tumor tissue, pancreatic cancer, tumor-associated stroma, and normal 

pancreas. Hematoxylin and eosin staining confirmed the distinct histological features of these tissue 

regions, and spatial expression mapping showed that both OPA3 and HIF1A signals were broadly 

enriched in tumor-associated sections compared with normal pancreas (Fig. 6A). 

Exploratory spot-level analysis showed higher OPA3 expression in adjacent tumor tissue, pancreatic 

cancer, and tumor-associated stroma than in normal pancreas, with mean expression values of 0.044, 

0.043, and 0.042, respectively, compared with 0.026 in normal pancreas (spot-level comparisons, all P 

< 0.0001; Fig. 6B). These comparisons describe differences among the analyzed tissue sections and do 
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not establish statistical significance across independent biological specimens. A similar pattern was 

observed for HIF1A expression, which was markedly increased in pancreatic cancer and tumor-

associated stroma, and remained higher in adjacent tumor tissue than in normal pancreas. Mean HIF1A 

expression values were 1.066 in adjacent tumor tissue, 1.507 in pancreatic cancer, and 1.254 in tumor-

associated stroma, compared with 0.278 in normal pancreas (exploratory spot-level comparisons, all 

nominal P < 0.0001; Fig. 6C). These comparisons do not establish differences across independent 

biological specimens. Exploratory spot-level analysis identified a positive association between OPA3 

and HIF1A expression across the four analyzed tissue sections (Spearman r = 0.615, nominal P < 

0.0001; Fig. 6D). Because individual capture spots are not independent biological replicates, this 

association should not be interpreted as evidence of reproducibility across independent patients. 

Notably, pancreatic cancer and tumor-associated stroma regions displayed relatively high HIF1A 

expression in areas with elevated OPA3 expression, whereas normal pancreas showed low expression 

of both genes. Together, these spatial transcriptomic data complement our functional findings by 

showing that OPA3 expression is positively associated with HIF1A expression in human pancreatic 

tumor-associated tissues. The spatial association between OPA3 and HIF1A provides descriptive 

human-tissue context but cannot establish direct molecular regulation or causality. 
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Figure 6. Spatial transcriptomic analysis links OPA3 expression to HIF1A expression in pancreatic cancer tissues. (A) 

Spatial transcriptomic profiles from four pancreatic tissue sections representing adjacent tumor tissue, pancreatic cancer, 

tumor stroma, and normal pancreas. Hematoxylin and eosin staining confirmed the distinct histological features of these tissue 

regions. Spatial expression mapping showed OPA3 and HIF1A signals. Each circle represents one Visium capture spot; white 

spaces between spots reflect the discrete spot-based design of the Visium platform. (B–C) Quantitative spot-level analysis of 

OPA3 and HIF1A expression in adjacent tumor tissue, pancreatic cancer, tumor stroma, and normal pancreas. (D) 

Correlation between OPA3 and HIF1A expression in adjacent tumor tissue, pancreatic cancer, tumor stroma, and normal 

pancreas. Statistics: Bar plots show mean ± SD of spot-level expression values. Pairwise comparisons between each tumor-

associated tissue category and normal pancreas were performed using Dunn’s test with Holm correction for multiple 

comparisons (B–C). The overall association between OPA3 and HIF1A expression was assessed using Spearman’s rank 

correlation analysis (D). Individual Visium capture spots were treated as observational units and do not represent independent 

biological replicates. Because the analysis included only four tissue sections, spot-level P values should be interpreted as 

descriptive, exploratory measures of within-dataset differences rather than evidence of reproducible differences across 

independent patients. 

3. Discussion 

Recent studies have demonstrated altered OPA3 expression in various cancer types, including 

pancreatic cancer, ovarian cancer, colorectal cancer, and squamous cell carcinoma (3, 7-9). Our 

bioinformatics analyses showed that 22 of 31 cancer types exhibited higher OPA3 mRNA levels in 

tumors than in their corresponding normal tissues. However, these data should be interpreted cautiously 

because OPA3 mRNA and protein levels may not correlate. In that context, we cannot rule out 

environmental factors, including the HIF-1α transcription factor, influencing OPA3 expression in tumor 

cells and surrounding tissues. The mechanisms of OPA3 gene regulation are largely unknown and 

deserve further investigation. 

Although several studies support a tumor-promoting role for OPA3, Wu and Liu reported that OPA3 

overexpression inhibited colorectal cancer cell proliferation and increased sensitivity to bevacizumab 

(10), contrasting with findings from another colorectal cancer model (9). Differences in cell-line 

background and experimental conditions may contribute to these divergent results, supporting a 

context-dependent role for OPA3 in cancer. A key finding is the difference between in vitro and in vivo 

responses to OPA3 depletion. OPA3 knockout preferentially impaired proliferation and clonogenic 

growth in the three KRAS-mutant cell lines examined, whereas the two KRAS-wild-type lines showed 

limited in vitro growth inhibition. However, these models differ in tissue origin and other molecular 

characteristics, preventing attribution of the observed responses exclusively to KRAS mutation status. 

Notably, OPA3 knockout suppressed tumor growth in both KRAS-mutant PANC-1 and KRAS-wild-type 

BxPC-3 xenografts, suggesting that OPA3 dependence may also depend on conditions not reproduced 

in conventional cell culture. Isogenic KRAS models, OPA3 re-expression experiments, and analyses of 

tumor-associated metabolic and microenvironmental factors will be needed to define the mechanisms 

underlying these context-dependent effects. 

OPA3 depletion reduced HIF-1α protein accumulation after prolonged hypoxia, but the mechanism 

remains unresolved. HIF signaling regulates metabolic adaptation, angiogenesis, and other processes 

involved in cancer progression, with effects that vary according to tumor type and microenvironmental 

conditions (21). Because HIF-1α abundance depends on oxygen-sensitive degradation and additional 

regulatory mechanisms, the present findings do not establish direct protein stabilization by OPA3 (22). 

The absence of a comparable effect after short-term hypoxia further suggests that the relationship may 

depend on the duration of oxygen deprivation. Protein-turnover assays, measurements of HIF-1α 

hydroxylation and transcriptional activity, and genetic rescue experiments would help distinguish direct 

regulation from secondary metabolic effects. Hypoxia also modifies immune-cell function, stromal 

interactions, angiogenesis, and extracellular acidity (19), while hypoxia-associated extracellular matrix 
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remodeling can facilitate tumor invasion (23). Whether OPA3 influences these processes remains 

unknown. The present xenograft models cannot determine whether OPA3 depletion alters antitumor 

immunity or stromal responses, both of which may influence therapeutic outcomes (24, 25). Moreover, 

metabolic reprogramming may have broader consequences for tumor–microenvironment interactions, 

although such effects have not been established for OPA3 (26). 

The spatial transcriptomic findings provide a complementary but preliminary connection to human 

pancreatic cancer. The analysis includes four tissue sections, and the large number of capture spots does 

not compensate for the limited number of independent biological specimens. Differences in cellular 

composition across tumor, stromal, adjacent, and normal regions may contribute to the observed 

expression patterns. Moreover, computational imputation can influence apparent gene–gene 

relationships, making validation with un-imputed data particularly important. Because HIF1A transcript 

abundance does not necessarily reflect HIF-1α protein stabilization, spatial co-expression should not be 

interpreted as direct evidence of hypoxic pathway activation. Validation in independent patient cohorts, 

analysis of non-imputed expression data, spatial assessment of HIF-1α protein and hypoxia markers, 

and functional perturbation studies are needed before these associations can be interpreted as evidence 

of an OPA3-dependent hypoxic response in human pancreatic tumors. 

The distinction between metabolic vulnerability and hypoxic adaptation may have therapeutic 

implications. OPA3 depletion could affect tumor-cell fitness differently depending on oncogenic 

background, oxygen availability, and metabolic state. However, genetic knockout does not establish 

that pharmacological inhibition would reproduce these effects, and no selective OPA3 inhibitor was 

evaluated. The findings therefore support further investigation of OPA3-associated metabolic and 

hypoxic dependencies rather than establishing OPA3 as a clinically actionable target. 

No selective OPA3 inhibitor has been established. In ovarian cancer models with elevated OPA3 

expression, the BET inhibitor PFI-1 and NUAK inhibitor WZ4003 exhibited antitumor activity in a 

drug-screening analysis (7), but these observations do not demonstrate direct OPA3 inhibition. 

Separately, doxorubicin-associated changes in OPA3 expression have been reported in a non-malignant 

cardiac cell model (20), limiting their relevance to cancer therapy. Whether pharmacological 

modulation of OPA3 can reproduce the effects of genetic depletion or alter hypoxia-associated tumor 

growth remains to be determined. 

4. Materials and Methods 

Cell culture 

Human PANC-1 pancreatic cancer cells with KRASG12D mutation (#CRL-1469), A549 lung cancer 

cells with KRASG12S mutation (#CRM-CCL-185), HCT116 colon cancer cells with KRASG13D 

mutation (#CCL-247), BxPC-3 pancreatic cancer cells with wild-type KRAS (#CRL-1687), HCC827 

lung cancer cells with wild-type KRAS (#CRL-2868), and human embryonic kidney cells (HEK) 293T 

cells (#CRL-3216) were purchased from the American Type Culture Collection (ATCC, Manassas, VA, 

USA). Cells were cultured in RPMI (Roswell Park Memorial Institute; for BxPC-3 and HCC827), 

DMEM (Dulbecco’s modified Eagle’s medium; for PANC-1 and 293T), F12K (Kaighn's Modification 

of Ham's F-12 medium; for A549), or McCoy’s 5A medium (for HCT116) supplemented with 10% 

fetal bovine serum (FBS). All culture media were from Gibco (Grand Island, NY, USA). The absence 

of mycoplasma in the culture media of all cell lines was confirmed using the LookOut mycoplasma 

PCR detection kit (Sigma-Aldrich, Saint Louis, MO, USA; #MP0035). Cell line authentication was 

performed by short tandem repeat (STR) genotyping (Microread Genetics, Beijing, China). Hypoxia 

was induced using the Anoxomat Mark II anaerobic culture system (Mart Microbiology B.V., 
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Lichtenvoorde, Netherlands) with a gas mixture of 1% O2, 5% CO2, and 94% N2. The chamber was 

purged with the gas mixture to establish the desired atmosphere. Finally, the chamber was incubated at 

37 °C for the indicated times. 

Generation of OPA3-knockout cancer cell lines 

In order to generate lentiviruses, 293T cells (density: 1 million cells per flask in 5 mL medium) were 

cultured in T-25 flasks for 48 h. 293T cells were transfected using X-tremeGENE HP transfection 

reagent (Merck, Darmstadt, Germany; #6366244001) according to the manufacturer’s protocol with 2.8 

μg of psPAX2 plasmid (Addgene, Watertown, MA, USA; #12260), 1.6 μg of pMD2.G vector 

(Addgene, #12259) and 2 μg of target plasmid. Two lentiviral sgRNA plasmids targeting human OPA3 

were obtained from Genecopoeia (Rockville, MD, USA) and constructed in the pCRISPR-LvSG06 

vector. The sgRNA target sequences were as follows: sgOPA3-1, 5’-GGTGGTGGGCGCGTTCCCTA-

3’ (Exon 1); and sgOPA3-2, 5’-GCTATACTTGGGCATCCGGC-3’ (Exon 1). The negative control 

lentiviral plasmid EX-NEG-Lv105 (Genecopoeia) was used as the control. After 72 h, the culture 

medium containing viruses was collected, centrifuged for 10 min at 3000 rpm at 4 °C, and passed 

through a 0.45 µm filter. Cancer cells were seeded in 6-well plates (1× 105 cells per well in 2 mL 

medium) for 24 h, then infected with viruses and 8 µg/mL of polybrene (Sigma-Aldrich; #TR-1003-G) 

containing medium. Culture medium was removed 72 h after infection, and cells were selected in the 

presence of 1 μg/mL puromycin (Invivogen, San Diego, CA, USA; #ant-pr-1), until clonal populations 

were obtained. Clones were obtained by serial dilution and OPA3 expression was detected by 

immunoblotting. 

Cell proliferation assays 

For the cell growth assay, 1×105 cells were seeded in 6-well plates and counted every 24 h with an 

automated cell counter (Cellometer Auto T4; Nexcelom Bioscience, Lawrence, MA, USA). Clonogenic 

assays were performed by seeding cells in 6-well plates (500 cells in 2 mL medium per well) at single 

cell density. Cells were allowed to grow for 14 days. Culture medium was then discarded, and colonies 

were fixed with 1 mL methanol for 10 min, and then stained with crystal violet (Sigma-Aldrich, St. 

Louis, MO, USA; #V5265) to determine clonogenic survival. 

Measurement of oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) 

To estimate the rate of glycolysis and mitochondrial respiration, Seahorse XFe/XF Analyzer (Agilent, 

Santa Clara, CA, USA) was used according to the manufacturer’s protocol. Briefly, 4×104 cells per well 

were seeded in culture medium, and the sensor cartridge was hydrated in Seahorse XF Calibrant buffer 

(#100840-000) at 37 °C in an incubator without CO2 for 24 h. Then, the culture medium was removed 

and replaced with Seahorse assay medium. For the mitochondrial respiration test, the medium (pH 7.4) 

contained 1 mM pyruvate, 2 mM glutamine, and 10 mM glucose. The Mito Stress assay (#103015-100) 

was performed by sequentially injecting 1 μM oligomycin, 1 μM carbonyl cyanide p-

trifluoromethoxyphenylhydrazone (FCCP), and 0.5 μM rotenone/0.5 μM antimycin A. Cell number 

adjustment and normalization were performed using a bicinchoninic acid (BCA) assay (Thermo 

Scientific, Waltham, MA, USA; #23227). 

Measurement of mitochondrial function 

Mitochondrial function was assessed using MitoTracker Red CMXRos dye (ThermoFisher Scientific, 

Waltham, MA, USA, #M7512) according to the manufacturer’s instructions. Briefly, 5×104 control and 

OPA3-knockout cells were seeded in 6-well plates for 48 h and collected. Cells were then washed with 
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phosphate-buffered saline (PBS), and incubated with 100 nM MitoTracker Red working solution 

diluted in pre-warmed complete culture medium at 37 °C in the dark for 30 min. After staining, cells 

were washed with PBS to remove excess dye and resuspended in PBS for flow cytometry analysis. 

Fluorescence intensity was quantified by flow cytometry. The mean fluorescence intensity (MFI) of 

MitoTracker Red was calculated for each sample and normalized to the corresponding control group as 

an indicator of mitochondrial membrane-potential-associated dye accumulation. To measure ATP 

levels, cells (1×104 per well) were seeded in black 96-well plates, and the ATP content was assessed 

using the bioluminescence CellTiter-Glo viability assay kit (Promega, Madison, WI, USA; #G7570) 

according to the procedure provided by the manufacturer. Results are expressed as a percentage of the 

ATP levels in control (sg-CTL) cells. To measure glucose and lactate concentrations, 1×105 cells were 

seeded in 6-well plates for 48 h. The concentrations of lactate and glucose were measured in the culture 

medium using an SBA-90 Biosensor Analyzer (Biology Institute of Shandong Academy of Sciences, 

Jinan, China). 

Immunoblotting 

Cells harvested from 6-well plates or tumor samples (50-100 mg) were lysed in sodium dodecyl sulfate 

(SDS) lysis buffer (10 mM Tris‐HCl, pH 6.8, 5% SDS, 10 mM EDTA, 50 mM NaCl). Tumor samples 

were then disrupted with a tissue homogenizer (Precellys, Bertin Instruments, Montigny-le-Bretonneux, 

France) and centrifuged at 12,000 rpm at 4 ºC for 10 min. Protein concentrations were measured using 

the BCA assay (Thermo Scientific). Primary antibodies used for immunoblotting included: OPA3 

(Proteintech, Rosemont, IL, USA; #15638-1-AP), HIF-1α (Cell Signaling Technology, Beverly, MA, 

USA; #36169), and β-actin (Cell Signaling Technology; #8457S). Secondary antibodies were anti-

rabbit IgG (#7074S) from Cell Signaling Technology. Protein bands were visualized using an enhanced 

chemiluminescence (ECL) detection reagent (Clarity Max Western ECL substrate, Bio-Rad; 

#1705062). When appropriate, Western blot bands were quantified using the ImageJ software 

(http://rsb.info.nih.gov/ij/). Protein expression was normalized to β-actin of the corresponding samples. 

Animal experiments 

Seven-week-old female nude BALB/c mice (Vital River Laboratory Animal Technology, Beijing, 

China) were housed in a controlled environment with ad libitum access to food and water. Upon 

delivery, mice underwent a one-week acclimation period. At the beginning of each experiment, mice 

were randomly assigned to groups to ensure similar body weight between groups. Human PANC-1 

pancreatic cancer cells (1×106 cells in 100 µL PBS) or BxPC-3 cancer cells (1×106 cells in 100 µL PBS) 

were injected into the right flank of mice. Tumor volumes were measured twice per week and calculated 

using a modified ellipsoid formula: tumor volume (mm3) = [length (mm) x width2 (mm)]/2. Tumor 

establishment was assessed in all injected mice and defined by the development of a measurable tumor. 

Mice without measurable tumors were classified as tumor-free and retained as experimental subjects 

when reporting tumor-establishment outcomes. All mice in the PANC-1 experimental groups (n=7 for 

control, and n=8 for each OPA3-KO clone) were included in the tumor-volume and endpoint tumor-

weight analyses. Mice without measurable tumors were assigned zero tumor volume at the 

corresponding measurement time points and zero endpoint tumor weight. These mice were retained in 

all group-level analyses. The animal experiments were performed in an unblinded manner. If animals 

presented ulcerated tumors, tumor length ≥ 20 mm, or tumor volume ≥ 1500 mm3, they were euthanized 

to minimize distress and suffering. All animal experiments were conducted in accordance with the 

institutional guidelines and approved by the Animal Care and Use Committee of Sun Yat-Sen 

University Cancer Center (Approval number: L102012020030M). 
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Bioinformatics 

Public transcriptomic, proteomic, and spatial transcriptomic datasets were analyzed to evaluate OPA3 

expression, its association with KRAS mutation status, and its relationship with KRAS signaling and 

hypoxia programs. A detailed description of bioinformatic analyses is provided in the Supplementary 

Materials. 

For the pan-cancer analysis, OPA3 mRNA expression across tumor and normal tissues was assessed 

using the differential expression module of GEPIA (11), which integrates RNA-seq data from The 

Cancer Genome Atlas (TCGA) and the Genotype-Tissue Expression (GTEx) Project. Expression values 

were based on log2(TPM+1)-transformed data, and cancer types were ranked according to tumor-

normal expression differences. Associations between OPA3 expression and KRAS mutation status were 

evaluated in TCGA cohorts of Pancreatic Adenocarcinoma (PAAD), Lung Adenocarcinoma (LUAD), 

Colon Adenocarcinoma (COAD), and Rectum Adenocarcinoma (READ). Tumors carrying non-

synonymous KRAS mutations were classified as KRAS-mutant and those without KRAS mutations as 

KRAS-wild-type. 

For proteomic validation, OPA3 protein abundance data from the Cancer Cell Line Encyclopedia (12) 

were integrated with lineage annotations and KRAS mutation status for pancreatic, colorectal, and lung 

cancer cell lines. KRAS and hypoxia pathway activities were quantified using the Hallmark gene sets 

HALLMARK_KRAS_SIGNALING_UP and HALLMARK_HYPOXIA by single-sample gene set 

enrichment analysis of log2(TPM+1)-transformed expression data. 

Spatial transcriptomic analysis was performed in Python using four publicly available 10x Genomics 

Visium pancreatic datasets: adjacent tumor tissue (GSM9647219), pancreatic cancer (GSM9647220), 

tumor stroma (GSM9647221), and normal pancreas (GSM9647222). Data were processed in Scanpy 

using normalization and log1p transformation (13), followed by MAGIC imputation (k=5, decay=1, 

automatic diffusion time, exact solver) (14). MAGIC-imputed OPA3 and HIF1A expression values 

were used to generate spatial expression maps and to compare expression across tissue types and assess 

spot-level OPA3-HIF1A associations. 

Statistical analyses 

All in vitro experiments were performed at least three times (three independent repeats), unless 

otherwise specified. Q-Q plots were used to compare and determine data distribution. Data are 

expressed as mean ± S.E.M. (standard error of the mean), unless otherwise specified. When there were 

more than two independent groups, ANOVA was used to compare the means if a normal distribution 

could be assumed. Dunnett post hoc tests (for comparisons with control groups) were performed when 

ANOVA was significant. When groups under different experimental conditions were compared (such 

as normoxia and hypoxia), a two-way ANOVA test was used. When the standard deviation increased 

with the mean, as with tumor volumes (in vivo animal studies), data were log10-transformed before 

statistical analysis. While zero values were retained as experimental observations, the log10-

transformed tumor volume data were analyzed using a generalized linear model. Post-hoc comparisons 

of groups two-by-two were performed using a Bonferroni correction for P-values. The relationship 

between OPA3 expression and other parameters (tumor weight, HIF-1α activity, etc.) was assessed 

using Spearman’s rank correlation. For bioinformatic analyses, Wilcoxon rank-sum tests were used for 

two-group comparisons in TCGA and CCLE datasets. Dunn’s test with Holm correction was used for 

multiple spot-level comparisons in Visium data. Statistical analyses were performed with GraphPad 

Prism (San Diego, CA, USA) and SPSS 16.0 (Chicago, IL, USA) software. No statistical method was 
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used to calculate sample sizes, which were determined empirically. No data were excluded. All tests 

were two-tailed, and a P-value of 0.05 or less was considered statistically significant. 
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