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Mitochondria-targeted cancer analysis using survival
and expression: Prioritizing mitochondrial targets
that alleviate pancreatic cancer cell phenotypes

Daisuke Murata,1 Fumiya Ito,1 Gongyu Tang,2,3 Wakiko Iwata,1 Nelson Yeung,1 Junior J. West,1

Andrew J. Ewald,1,4,5,6 Xiaowei Wang,2,3 Miho Iijima,1,* and Hiromi Sesaki1,7,*
SUMMARY

Substantial changes in energy metabolism are a hallmark of pancreatic cancer. To adapt to hypoxic and
nutrient-deprived microenvironments, pancreatic cancer cells remodel their bioenergetics from oxida-
tive phosphorylation to glycolysis. This bioenergetic shift makes mitochondria an Achilles’ heel. Since
mitochondrial function remains essential for pancreatic cancer cells, further depleting mitochondrial en-
ergy production is an appealing treatment target. However, identifying effective mitochondrial targets
for treatment is challenging. Here, we developed an approach, mitochondria-targeted cancer analysis
using survival and expression (mCAUSE), to prioritize target proteins from the entire mitochondrial pro-
teome. Selected proteins were further tested for their impact on pancreatic cancer cell phenotypes. We
discovered that targeting a dynamin-related GTPase, OPA1, which controls mitochondrial fusion and
cristae, effectively suppresses pancreatic cancer activities. Remarkably, when combined with a muta-
tion-specific KRAS inhibitor, OPA1 inhibition showed a synergistic effect. Our findings offer a therapeu-
tic strategy against pancreatic cancer by simultaneously targeting mitochondria dynamics and KRAS
signaling.
INTRODUCTION

Pancreatic cancer is the fourth leading cause of cancer-associated death, with high levels of metastasis.1–6 Its average 5-year survival rate is

approximately 10%, and with predicted increases in its occurrence, pancreatic cancer is estimated to become the second leading cause of

cancer-associated death by 2030.7 Current therapies are not effective enough for patients with pancreatic cancer. There is an urgent need to

identify therapeutic interventions for this devastating cancer.

Genetic mutations predominantly drive pancreatic cancer tumorigenesis and progression, especially in the four major oncogenes and tu-

mor suppressors: KRAS, p16/CDKN2A, TP53, and DPC4/SMAD4.1–4 KRASmutations are one of the earliest critical events in the development

of pancreatic cancer and occur in more than 80% of cases.1–4 Downstream signaling of KRAS is mediated by two major protein kinases, ERK

and AKT, which control cell proliferation andmetastasis. In addition to intracellular signal transduction, during the development of pancreatic

cancer, cellular energy metabolism shifts from oxidative phosphorylation to glycolysis to fuel rapid and massive cancer cell proliferation.8–10

Notably, even after an increase in glycolysis, oxidative phosphorylation remains essential for generating ATP in pancreatic cancer, albeit at a

reduced rate, to ensure the growth and viability of cancer cells.9–12 These unique bioenergetic characteristics present an excellent opportunity

to target mitochondria as a therapeutic strategy against pancreatic cancer.9–12 Since the mitochondrial proteome contains more than 1000

proteins,13 identifying effective targets poses a significant challenge to developing mitochondria-focused strategies to alleviate pancreatic

cancer.

In this study, we address this challenge by introducing a method termed Mitochondria-targeted Cancer Analysis Using Survival and

Expression (mCAUSE). This method prioritizes target proteins based on their gene expression levels and correlation with the survival rates

of patients with pancreatic cancer.
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RESULTS
Development of mitochondria-targeted cancer analysis using survival and expression

To understand how the survival of patients with pancreatic cancer is correlated with the expression of genes that encode mitochondrial pro-

teins (termed mito-genes), we first retrieved all 1136 mito-genes listed in human MitoCarta3.013 (Figure 1A). Using the Cancer Genome Atlas

(TCGA)14 and OncoDB,15 we divided the cancer cases into a ‘‘high’’ or ‘‘low’’ expression group for each mito-gene based on a median 50%

threshold of mRNA levels (Table S1, Total analyzed). The analysis excluded 13 mitochondrial DNA-encoded genes that were not included in

theNCBI RefSeq curated database, as well as 7 nuclear DNA-encoded genes that were not part of OncoDB.We then utilized a log rank test to

compare the survival between these two groups. This analysis revealed that 219mito-genes are linked to significant changes in patient survival

(Table S1, HR altered). Of these 219, higher levels of 45 mito-genes were associated with compromised survival (Hazard Ratio >1, Blue line,

Figure 1A) (Table S1, HR > 1). In contrast, higher levels of 174 mito-genes were associated with better survival (Hazard Ratio <1, Red line, Fig-

ure 1A) (Table S1, HR < 1).

To determine whether and how the expression of these 219 genes is altered in pancreatic cancer compared to normal tissues, we analyzed

individual mRNA levels and grouped them into four categories using TCGA and OncoDB (Table S2). In the group of 45 mito-genes with a

hazard ratio greater than 1, the expression of 39 of these genes was significantly altered, showing a more than 2-fold increase compared

to normal tissues. All of these genes were upregulated in tumors (Figure 1A, Category A) (Table S3). We were most interested in this first

category (A); these genes potentially exhibit oncogenic properties, and lowering their expression or inhibiting their function might mitigate

pancreatic cancer. Therefore, these mito-genes are strong candidates for drug targets to treat pancreatic cancer. However, it should also be

noted that such increased levelsmay be the consequence of other changes in tumors. Gene ontology (GO) analysis showed that two pathways

are significantly enriched, includingmitochondrial translation (nine genes) andmitochondrial membrane organization (five genes) (Figure 1A)

(Table S4). The second category (B) describes genes that are significantly decreased in their expression levels by more than half, yet higher

expression levels are associated with poor survival. We expected to find fewer genes in this category as the expression-survival relationship

appears somewhat conflicting. Indeed, we found no mito-genes in this category (Figure 1A).

In the group of 174 mito-genes with a hazard ratio smaller than 1, the expression of 89 mito-genes was significantly altered by greater than

2-fold compared to normal tissues. The third category (C) contains 72 genes that are higher in their expression in pancreatic cancer (Figure 1A)

(Table S4). GO analysis indicated that three pathways are significantly enriched, including the regulation of mitochondrial translation (four

genes), mitochondrial electron transport chain complex I assembly (nine genes), and mitochondrial RNA metabolic processes (five genes)

(Table S4). The fourth category (D) has genes that are lower in expression, but increased levels are linked to better survival (Figure 1A)

(Table S4). Seventeen mito-genes were found in this category. We consider that these genes might function as tumor suppressors. While

these correlations may be secondary consequences of pancreatic cancer, it is also possible that boosting their function would decrease

pancreatic cancer growth or improve patient survival. GO analysis revealed one pathway significantly enriched in this category: mitochondrial

gene expression (four genes). Thus, mCAUSE dividedmito-genes into four categories, identifying 39 genes with potential oncogenic features

(category A) and 17 genes that may function such as tumor suppressors (category D).

Evaluation of mitochondria-targeted cancer analysis using survival and expression

To evaluate the usefulness ofmCAUSE,we tested the impact of the identifiedgenes on pancreatic cancer cells. Specifically, we focusedon the

genes in category (A), which show potential oncogenic characteristics, using two pancreatic cancer cell lines with different genetic makeups:

PANC-1 and MIA PaCa-2 cells (Figures 1B and 1C). We blocked two enriched pathways—mitochondrial translation by chloramphenicol and

mitochondrial membrane organization by MYLS2216,17 (which inhibits OPA1, a mitochondrial dynamin-related GTPase that controls mito-

chondrial fusion and cristae structure). We also inhibited gene products in category (A) that available drugs can pharmacologically target.

These inhibitors include R16218 to inhibit the glutamate dehydrogenase GLUD1, YMU119 to inhibit thymidylate kinase DTYMK, Bl-6C920 to

inhibit the apoptotic protein BID, AP5A to inhibit adenylate kinase AK4, Fidarestat to inhibit the aldo-keto reductase AKR1B10, ML348 to in-

hibits the lysophospholipase LYPLA1, and FC9402 to inhibit the sulfide quinone oxidoreductase SQOR. We used concentrations commonly

employed for each chemical. PANC-1 andMIA PaCa-2 cells were cultured for 48 h in the presence of these inhibitors and analyzed for their cell

density using crystal violet staining (Figures 1B and 1C). We found that the OPA1 inhibitor MYLS22 induces a significant and large decrease in

cell density in both PANC-1 and MIA PaCa-2 cells. In contrast, the mitochondrial translation inhibitor chloramphenicol induced modest re-

ductions in cell density only in MIA PaCa-2 cells. Other inhibitors did not decrease cell density in either cell line.

MYLS22 blocks mitochondrial fusion and disorganizes cristae

As described above, OPA1 controls mitochondrial fusion and cristae formation.21 To confirm the effect of MYLS22 on these processes in

PANC-1 cells, we analyzed mitochondrial morphology, dynamics, and ultrastructure. First, PANC-1 cells were treated with MYLS22 for

24 h and subjected to laser confocal immunofluorescence microscopy using antibodies against the mitochondrial protein pyruvate dehydro-

genase (PDH) (Figures 2A and 2B). In control cells, mitochondria displayed short tubular structures with occasional branches. In contrast,

MYLS22-treated cells contained highly fragmented, small mitochondria (Figures 2A and 2B). Mitochondrial fragmentation likely results

from decreased mitochondrial fusion, leading to unopposed, excess mitochondrial division. Second, to more directly test whether

MYLS22 suppresses mitochondrial fusion in PANC-1 cells, we utilized a mitochondrial fusion assay involving live-cell imaging with matrix-tar-

geted photoactivatable GFP (mitoPAGFP), as we performed22 (Figures 2C and 2D). PANC-1 cells were infected with lentiviruses carrying mi-

toPAGFP and treated with MYLS22 for 24 h. Following treatment, the cells were stained with tetramethylrhodamine ethyl ester (TMRE) to
2 iScience 27, 110880, September 20, 2024
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Figure 1. Mitochondria-targeted cancer analysis using survival and expression

(A) Out of 25,000 proteins in the human proteome, MitoCarta3.0 identified 1136 mitochondrial proteins. Of these, 219 mito-genes exhibited a significant

difference in hazard ratio (HR). Specifically, 45 mito-genes were associated with decreased survival in patients with pancreatic cancer when expressed at

increased levels. Among these, category A includes 39 genes expressed at higher levels in tumors than in normal tissues. In contrast, when expressed at

increased levels, 174 mito-genes were associated with better survival. Category C includes 72 of these genes that are also expressed at higher levels in

tumors, while category D comprises 17 genes that are expressed at lower levels in tumors. GO enrichment analysis was performed by PANTHER with

Bonferroni correction. Biological processes with a p-value less than 0.05 and greater than 20-fold enrichment are presented.

(B and C) PANC-1 cells (B) and MIA PaCa-2 cells (C) were cultured in the presence of the indicated inhibitors for 72 h. Cell density was determined using a crystal

violet assay (mean G SD, n R 10). ANOVA with post-hoc Tukey: *p < 0.05, ***p < 0.001.
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visualize the entire mitochondrial network. After the photoactivation of mitoPAGFP in a small portion of the mitochondria, we monitored the

mixing of the fluorescent matrix marker throughmitochondrial fusion. In control PANC-1 cells, the fluorescence intensity of mitoPAGFP grad-

ually decreased over 60 min to approximately 40% of the initial intensity (Figures 2C and 2D). In contrast, treatment with MYLS22 significantly
iScience 27, 110880, September 20, 2024 3
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Figure 2. MYLS22 blocks mitochondrial fusion and disorganizes inner membrane cristae

(A) Mitochondrial morphology. PANC-1 cells were treated with DMSO or MYLS22 for 24 h and subjected to laser confocal immunofluorescence microscopy with

anti-PDH antibodies. The boxed regions are magnified.

(B) Quantification of mitochondrial length (mean G SD, n = 50).

(C) Mitochondrial fusion. PANC-1 cells expressing mitoPAGFP were incubated with DMSO orMYLS22 for 24 h. Subsequently, cells were stained with 5 nM TMRE.

MitoPAGFP was photoactivated using a 405 nm laser in a small region indicated by a square at 0 min. Observations were made at 15-min intervals over 60 min.

(D) The fluorescence intensity of mitoPAGFP in the photoactivated region was quantified (mean G SD, n > 9).

(E) PANC-1 cells were treated with DMSO or MYLS22 for 24 h and subjected to transmission electron microscopy. Student’s t-test in (B) and ANOVA followed by
�Sı́dák’s test in (D): **p < 0.01, ***p < 0.001.
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slowed the diffusion of the photoactivated mitoPAGFP among mitochondria. These data show that MYLS22 effectively decreases mitochon-

drial fusion. Third, to determine if MYLS22 affects cristae structure in PANC-1 cells, we performed transmission electronmicroscopy. In control

cells, the mitochondrial inner membrane displayed well-developed cristae structures (Figure 2E). In contrast, cells treated with MYLS22

showed reduced and disorganized cristae (Figure 2E). Taken together, these data indicate that MYLS22 effectively inhibits mitochondrial

fusion and cristae formation.
Inhibiting normal cristae formation, but not mitochondrial fusion, suppresses cell proliferation

To determine which function of OPA1 is critical for suppressing cell proliferation in PANC-1 cells, we knocked down another dynamin-related

GTPase, MFN1, which mediates mitochondrial fusion but not cristae formation, using two different siRNAs. Western blotting showed a sig-

nificant reduction inMFN1 protein levels by these siRNAs (Figures 3A and 3B). Immunofluorescencemicroscopy showed the fragmentation of
4 iScience 27, 110880, September 20, 2024



A

D

E F

G

C

B

H

Figure 3. Mitochondrial fusion is dispensable for cell proliferation

(A) Western blotting of PANC-1 cells treated with non-targeting control or two different MFN1 siRNAs for 5 days. An arrow and an asterisk indicate MFN1 and

non-specific bands, respectively.

(B) Quantification of band intensity (mean G SD, n = 3).

(C) PANC-1 cells were transfected with the indicated siRNAs and subjected to laser confocal immunofluorescence microscopy with anti-PDH antibodies. The

boxed regions are magnified.

(D) Cell proliferation of the transfectants was examined by a crystal violet assay (mean G SD, n = 5).

(E) PANC-1 cells were infected with lentiviruses expressing scramble or DRP1 shRNAs and then treated with DMSO or MYLS22 for 24 h. Knockdown of DRP1 was

confirmed by Western blotting.

(F) Quantification of band intensity (mean G SD, n = 3).

(G) Mitochondria were analyzed by immunofluorescence microscopy with anti-TOM20 antibodies.

(H) Cell proliferation was analyzed by a crystal violet assay (mean G SD, n = 5). ANOVA with post-hoc Tukey in (B, D, F, H): *p < 0.05, ***p < 0.01, ***p < 0.001.
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mitochondria due to the inhibition of mitochondrial fusion (Figure 3C). However, MFN1 knockdown did not reduce PANC-1 cell proliferation

(Figure 3D). These data suggest that mitochondrial fusion is dispensable for the proliferation of PANC-1 cells.

To further confirm this notion, we blockedmitochondrial division by using shRNA knockdownof DRP1 in PANC-1 cells treatedwithMYLS22

(Figures 3E and 3F).We found thatmitochondrial fragmentation is rescuedbyDRP1 knockdown (Figure 3G). However, rescuingmitochondrial

fragmentation failed to rescue cell proliferation defects caused byMYLS22: knockdown of DRP1 decreased cell proliferation, consistent with a

previous study,23 and the combination of DRP1 knockdown and MYLS22 showed further reduction (Figure 3H).

To test the effect of cristae formation inhibition, we knocked downMIC60, a vital component of theMICOS complex responsible for cristae

formation,24,25 using two different siRNAs. We confirmed the knockdown using Western blotting (Figures 4A and 4B). Electron microscopy

showed the loss of normal cristae structure in MIC60 knockdown cells, consistent with previous reports24,25 (Figure 4C). MIC60 knockdown
iScience 27, 110880, September 20, 2024 5
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Figure 4. Cristae are important for cell proliferation

(A) Western blotting of PANC-1 cells treated with non-targeting control or two different MIC60 siRNAs for 5 days.

(B) Quantification of band intensity (mean G SD, n = 3).

(C) Mitochondria were analyzed in PANC-1 cells transfected with the indicated siRNAs by electron microscopy.

(D) PANC-1 cells were transfected with the indicated siRNAs. Cell proliferation was assessed using a crystal violet assay (mean G SD, n = 5).

(E) Mitochondria were analyzed in PANC-1 cells treated with DMSO or 10 mM miclxin by electron microscopy.

(F) PANC-1 cells were cultured with 0–50 mM miclxin for 72 h. Cell density was assessed using a crystal violet assay (mean G SD, n = 5). ANOVA with post-hoc

Tukey in (B, D): ***p < 0.001.
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resulted in significant decreases in cell proliferation for both siRNAs (Figure 4D). Furthermore, we treated PANC-1 cells with aMIC60 inhibitor,

miclxin.26 Results showed that miclxin disorganizes inner membrane cristae (Figure 4E) and blocks cell proliferation in a dose-dependent

manner (Figure 4F). These data suggest that cristae morphology plays a crucial role in the proliferation of PANC-1 cells.

MYLS22 decreases mitochondrial respiration

Since cristae are important for efficient mitochondrial oxidative phosphorylation, we investigated how MYLS22 affects oxygen consumption

rates (OCRs) in PANC-1 cells. We found that MYLS22 strongly decreases both basal OCRs and respiratory capacity (Figures 5A–5C). Since

reduced mitochondrial energy production can lead to a compensatory upregulation of glycolysis, we also measured the extracellular acid-

ification rates (ECARs) for glycolysis. Indeed, we observed an increase in glycolysis in MYLS22-treated PANC-1 cells (Figures 5D and 5E).

This increase did not affect glycolytic capacity or reserve (Figures 5F and 5G). Therefore, MYLS22 decreases mitochondrial respiration but

not cytosolic glycolysis in PANC-1 cells.

MYLS22 decreases spheroid growth and cell motility

To further analyze the impact ofMYLS22 on pancreatic cell phenotypes, we utilized a three-dimensional spheroid growthmodel, which closely

represents physiological conditions.27 We generated spheroids of PANC-1 cells using the hanging dropmethod and placed the spheroids in

a 3D meshwork of the extracellular matrix using Geltrex.27 Control spheroids showed substantial growth at 5 days and invasion at 7 days

(Figures 6A and 6B). In contrast, spheroids treated with MYLS22 displayed significantly decreased growth and no invasion. Inhibition of
6 iScience 27, 110880, September 20, 2024
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Figure 5. MYLS22 alters energy metabolism

(A) Mitochondrial respiration was analyzed by measuring the OCRs in PANC-1 cells treated with MYLS22.

(B and C) Both basal and maximal OCRs are presented (mean G SD, n = 15).

(D–G) Glycolysis was assessed by measuring the ECARs in the same set of cells. Basal glycolysis (E), glycolytic capacity (F), and glycolytic reserve (G) are shown

(mean G SD, n = 13). Student’s t-test in (B, C, E, F, G): ***p < 0.001.

ll
OPEN ACCESS

iScience
Article
invasion in spheroids by MYLS22 (Figures 6A and 7 days) suggested that MYLS22 suppresses migratory activities of PANC-1 cells. To directly

test this notion, we examined cell motility using a wound-healing assay (Figures 6C and 6D). In this assay, we plated cells and cultured them to

100% confluency. Then, a line of scratches was made with small pipette tips. The migration of cells into the scratched width was monitored

over 72 h in the presence or absence of 50 mM MYLS22. MYLS22 significantly decreased cell migration (Figures 6C and 6D).

MYLS22 stimulates the phosphorylation of AKT and ERK

Mutated, constitutively active KRAS mutations are the primary driver of pancreatic cancer.1–4 Activated KRAS signaling promotes mitochon-

drial division by phosphorylating the division GTPase DRP1 through one of the major downstream kinases, ERK1/2.28,29 However, the func-

tional relationships between the fusionGTPaseOPA1 and the KRAS pathway are not well understood. Therefore, we were interested in deter-

mining if MYLS22 affects this oncogenic pathway. Since the phosphorylation of ERK1/2 and AKT are two major downstream events in the

KRAS signaling pathway, we tested whether these phosphorylation events are affected by MYLS22. Specifically, we examined ERK 1/2 phos-

phorylation at Thr202/Tyr204 and AKT phosphorylation at Ser473 and Thr30830–33 (Figures 7A and 7B). We found a significant increase in the

phosphorylation of both ERK1/2 and AKT following MYLS22 treatment (Figures 7A and 7B).

To determine whether the increased phosphorylation of ERK1 and AKT is dependent on KRAS, we added MRTX1133, an allele-specific

KRAS inhibitor targeting the oncogenic G12Dmutation, along with MYLS22, as PANC-1 cells carry this KRASmutation.34 The G12Dmutation

is themost frequent KRASmutation, accounting for approximately 40%of pancreatic cancer cases.MRTX1133 is currently undergoing Phase 2

clinical trials for the treatment of solid tumor malignancies harboring this mutation, including pancreatic cancer. We found that MRTX1133

strongly blocks ERK1/2 phosphorylation induced by MYLS22 (Figures 7A and 7B). AKT phosphorylation was also suppressed by

MRTX1133 (Figures 7A and 7B). These results indicate that MYLS22 affects KRAS signaling in PANC-1 cells. The elevated levels of ERK1/2

andAKTphosphorylation byMYLS22may be an adoptive response to the decreased cell proliferation andmigration resulting frommitochon-

drial deficits.

Effects of combined treatments with MYLS22 and MRTX1133 on cell proliferation and spheroid growth

If increased KRAS signaling is a compensatory mechanism in the presence of OPA1 inhibition, concurrently inhibiting OPA1 and KRAS

signaling could be an effective strategy against pancreatic cancer cells. To test our hypothesis, we treated PANC-1 cells with MRTX1133

in the presence or absence of MYLS22. First, we confirmed that MRTX1133 inhibits the proliferation of PANC-1 cells in a dose-dependent

manner (Figure 8A) and determined its IC50 to be approximately 30 mM (Figure 8C). To test whether the presence of MYLS22 changes the
iScience 27, 110880, September 20, 2024 7
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Figure 6. OPA1 inhibition suppresses spheroid growth and cell migration

(A) Spheroid growth. Spheroids of PANC-1 cells were cultured in Geltrex for 7 days in the presence of DMSO or 50 mM MYLS22.

(B) Quantification of the total and invasion areas (mean G SD, n > 20).

(C) Cell migration. Motility of PANC-1 cells was analyzed using a wound-healing assay. Representative images at 0 h and 72 h are shown.

(D) Wound closure was assessed by determining the relative width over the initial width (mean G SD, n = 5). Student’s t-test in (B, D): **p < 0.01, ***p < 0.001.
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IC50 of MRTX1133, we included a sub-effective concentration of MYLS22 (12.5 mM, Figure 8B, arrow) and found that 12.5 mM MYLS22 signif-

icantly decreases the IC50 of MRTX1133 in the proliferation of PANC-1 cells (Figure 8C). These data suggest that MRTX1133 andMYLS22 have

a synergistic effect on cell proliferation. To further explore the combined effects of MRTX1133 and MYLS22, we incubated the spheroids with

low doses of MRTX1133 (4 nM) and MYLS22 (1 mM). At these concentrations, individual drug treatments showed no significant effects on the

growth or invasion of spheroids (Figures 8D and 8E). In contrast, the combination of these drugs demonstrated synergistic effects in inhibiting

spheroid growth and dissemination (Figures 8D and 8E). These data taken together suggest that combining the inhibition of KRAS andOPA1

provides an effective strategy to counteract pancreatic cancer phenotypes.

DISCUSSION

In the current work, we have developedmCAUSE, amethod to identifymitochondrial proteins that could be targeted tomitigate phenotypes

in cancer cells. This identification is based on a correlation analysis between patient survival and gene expression using publicly available

datasets. We found 39 genes with potential oncogenic features (category A) and 17 genes that may function such as tumor suppressors (cate-

gory D). We showed that pharmacologically targeting the dynamin-related GTPase OPA1 identified in category A successfully suppresses

various pancreatic cancer phenotypes. These phenotypes include cell proliferation in both 2D and 3D cultures, cell migration, mitochondrial

bioenergetics, and alterations in mitochondrial morphology and dynamics. Our data support and extend a previous study that reported ge-

netic OPA1 knockdown using siRNAs suppresses spheroid growth and anchorage-independent growth in PANC-1 cells.35 Furthermore, we

show that the inhibition of OPA1 produces a synergistic effect when combined with a mutation-specific KRAS inhibitor, significantly reducing

cell proliferation and spheroid growth. Our findings propose a therapeutic approach for treating cancer by simultaneously targeting mito-

chondrial function and KRAS signaling.
8 iScience 27, 110880, September 20, 2024
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Figure 7. MYLS22 promotes the phosphorylation of AKT and ERK in a KRAS-dependent manner

(A) PANC-1 cells were treated with DMSO, MRTX1133, MYLS22, or both for 24 h. Whole-cell lysates were subjected to Western blotting using the indicated

antibodies.

(B) Quantification of band intensity (mean G SD, n = 3). ANOVA with post-hoc Tukey: *p < 0.05, **p < 0.01, ***p < 0.001.

ll
OPEN ACCESS

iScience
Article
Mitochondria are dynamic organelles that actively fuse and divide to regulate their structure.21,36–38 Mitochondrial fusion is controlled by

inner-membrane-located OPA1 and outer-membrane-located GTPases, mitofusins.21 In contrast, division is mediated by another GTPase,

DRP1. During KRAS-driven oncogenic transformation, the mitochondrial division is upregulated, resulting in smaller mitochondria.28,29

This may suggest that further tilting the balance between fusion and division against fusion critically decreases mitochondrial functional

competence. Interestingly, however, we found that the inhibition of mitochondrial fusion by knocking down MFN1 causes the fragmentation

of mitochondria but does not inhibit cell proliferation in PANC-1 cells. Therefore, PANC-1 cells appear to be independent of mitochondrial

fusion for their proliferation. Instead, our data suggest that inner membrane cristae are important for pancreatic cancer cell proliferation.

Since cristae are involved in multiple processes in mitochondria including ATP production, metabolic reprogramming, and ROS production,

it would be of great interest to further define the role of cristae in pancreatic cancer. Supporting this notion, we found that MYLS22 inhibits

OCRs in PANC-1 cells.

Another pathway enriched in category A is mitochondrial translation. Mitochondrial energy production is critical for the proliferation of

pancreatic cancer, even though glycolysis is enhanced. Therefore, enhanced mitochondrial translation may help produce cellular ATP to

support the high energy demands of rapidly proliferating cancer cells, even under conditions where glycolysis is also upregulated. How-

ever, we found that chloramphenicol, which inhibits mitochondrial translation, suppresses the growth of MIA PaCa-2 cells but not PANC-1

cells. Our findings suggest that the potential oncogenic roles of mitochondrial translation may be specific to subpopulations of pancreatic

cancer cells.

Components associated with mitochondrial gene expression are enriched as potential tumor suppressors in category D. These compo-

nents can also affectmitochondrial energy production andmetabolism.One possibility that explains this enrichment is that specificmetabolic

pathways or bioenergetic intermediates play a crucial role in tumor suppression. Alternatively, mitochondrial gene expression can affect nu-

clear gene expression for tumor suppressor genes through their inter-organelle crosstalk.39 In future studies, we are interested in defining

specific mechanisms that could affect pancreatic cancer through this pathway.
iScience 27, 110880, September 20, 2024 9
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Figure 8. Synergistic effects of MRTX1133 and MYLS22 on cell proliferation and spheroid growth

(A and B) PANC-1 cells were cultured with 0–50 mM of MRTX1133 (A) or MYLS22 (B) for 72 h. Cell density was assessed using a crystal violet assay (mean G SD,

n = 5).

(C) The IC50 of MRTX1133 for cell proliferation was evaluated in the presence or absence of a sub-effective concentration of MYLS22 (12.5 mM, indicated by an

arrow in panel B) (mean G SD, n = 5).

(D) Spheroid growth. Spheroids of PANC-1 cells were cultured in Geltrex for 7 days in the presence or absence of 4 nM MRTX1133 and/or 1 mM MYLS22.

(E) Quantification of the total and invasion areas (mean G SD, n > 20). Student’s t-test in (C) and ANOVA with post-hoc Tukey in (E): *p < 0.05, ***p < 0.001.
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The potential of mCAUSE extends beyond pancreatic cancers. It has the potential to map the landscape of mitochondrial proteins that

may be inhibited to control cancer cell phenotypes in vitro and in vivo across various types of cancers. Considering the existence of around

30 different cancer types, mCAUSE offers a promising navigational tool. It can effectively prioritize potential targets for cancer treatment,

filtering through the extensive combinations of mitochondrial proteins and cancer types. This method, therefore, represents a significant

stride forward in personalized cancer therapy and offers a wide array of future research and clinical applications.
Limitations of the study

In the current work, our investigation was limited to an in vitro culture system. Extending our findings to animal models to explore tumor miti-

gation in vivo would be of great interest. Additionally, testing the efficacy of targeting mitochondrial structure and dynamics alongside KRAS

in human primary tumors represents another crucial future direction. Such investigations could potentially lead to the development of
10 iScience 27, 110880, September 20, 2024
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therapeutic strategies that control mitochondrial bioenergetics and intracellular signaling in this devastating cancer. Beyond pancreatic can-

cer, we aim to extend mCAUSE to other, and possibly all, cancer types to identify effective mitochondrial targets for treating each one.
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Mouse monoclonal anti-PDH Abcam Cat# ab110333; RRID: AB_10862029

Rabbit polyclonal anti-MFN1 Proteintech Cat# 13798-1-AP; RRID: AB_2266318

Mouse monoclonal anti-GAPDH Thermo Fisher Scientific Cat# MA5-15738; RRID: AB_10977387

Mouse monoclonal anti-DRP1 BD Biosciences Cat# 611113; RRID:AB_398424

Rabbit polyclonal anti-TOM20 Proteintech Cat# 11802-1-AP; RRID: AB_2207530

Rabbit polyclonal anti-MIC60 Proteintech Cat# 10179-1-AP; RRID: AB_2127193

Rabbit polyclonal anti-AKT Cell Signaling Technology Cat# 9272; RRID: AB_329827

Rabbit monoclonal anti-pAKT(S473) Cell Signaling Technology Cat# 4060; RRID: AB_2315049

Rabbit monoclonal anti-pAKT(T308) Cell Signaling Technology Cat# 2965; RRID: AB_2255933

Mouse monoclonal anti-ERK1/2 Cell Signaling Technology Cat#9107; RRID: AB_10695739

Rabbit monoclonal anti-pERK1/2 Cell Signaling Technology Cat#4370; RRID: AB_2315112

Alexa 488-conjugated anti-mouse IgG Thermo Fisher Scientific Cat# A21202; RRID: AB_141607

Alexa 488-conjugated anti-rabbit IgG Thermo Fisher Scientific Cat# A21206; RRID: AB_2535792

Alexa 568-conjugated anti-rabbit IgG Thermo Fisher Scientific Cat# A10042; RRID: AB_2534017

Alexa 647-conjugated anti-rabbit IgG Thermo Fisher Scientific Cat# A31573; RRID: AB_2536183

Chemicals, peptides, and recombinant proteins

Dulbecco’s Modified Eagle’s Medium (DMEM) – high glucose Sigma-Aldrich Cat# D5796

Fetal Bovine Serum (FBS) Corning Cat# 35-010-CV

DPBS Corning Cat# 21-031-CV

0.05% Trypsin-EDTA Gibco Cat# 25300-054

DMSO Corning Cat# 25-950-CQC

Chloramphenicol Sigma-Aldrich Cat# C0378-5G

MYLS22 Med Chem Express Cat# HY-136446

R162 Caymen Cat# 30922

YMU1 Caymen Cat# 21981

BI-6C9 Santa Cruz Biotechnology Cat# sc-210915

AP5A Santa Cruz Biotechnology Cat# sc-204156

Fidarestat Med Chem Express Cat# HY-105185

ML348 Med Chem Express Cat# HY-100736

FC9402 Med Chem Express Cat# HY-141552

Miclxin Med Chem Express Cat# HY-138301

MRTX1133 Fisher Scientific Cat# NC2083191

Crystal violet Sigma-Aldrich Cat# 65092A-95

Acetic acid Thermo Fisher Scientific Cat# A38-212

Paraformaldehyde Sigma-Aldrich Cat# P6148

Triton X-100 Sigma-Aldrich Cat# T9284

BSA Sigma-Aldrich Cat# A7906

Alexa 568-conjugated phalloidin Thermo Fisher Scientific Cat# A12380

DAPI Roche Cat# 10236276001

Phusion High-Fidelity DNA Polymerase NEB Cat# M0530

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Quick Ligation Kit NEB Cat# M2200

Lipofectamine 2000 Transfection Reagent Thermo Fisher Scientific Cat# 11668019

Lipofectamine RNAiMAX Transfection Reagent Thermo Fisher Scientific Cat# 13778150

Polybrene Infection/Transfection Reagent MilliporeSigma Cat# TR-1003-G

Tetramethylrhodamine, ethyl ester (TMRE) Thermo Fisher Scientific Cat# T669

Sodium cacodylate, trihydrate Electron Microscopy Sciences Cat# 12300

25% glutaraldehyde Electron Microscopy Sciences Cat# 16220

4% Osmium Tetroxide (OsO4) Electron Microscopy Sciences Cat# 19190

Potassium hexacyanoferrate(II), trihydrate Sigma-Aldrich Cat# P3289

Uranyl acetate Ted Pella, Inc. Cat# 19481

EMBED 812 RESIN Electron Microscopy Sciences Cat# 14900

DDSA Electron Microscopy Sciences Cat# 13710

NMA Electron Microscopy Sciences Cat# 19000

DMP-30 Electron Microscopy Sciences Cat# 13600

RIPA Buffer (10X) Cell Signaling Technology Cat# 9806S

cOmplete, Mini, EDTA-free Protease Inhibitor Cocktail Roche Cat# 11836170001

Phosphatase Inhibitor Cocktail 2 Sigma-Aldrich Cat# P5726

Phosphatase Inhibitor Cocktail 3 Sigma-Aldrich Cat# P0044

Tween 20 Sigma-Aldrich Cat# P7949

4–20% Criterion TGX Precast Gels Bio-Rad Laboratories Cat# 5671095

Seahorse XF Base Medium Minimal DMEM Agilent Cat# 102353-100

L-Glutamine (200 mM) Gibco Cat# 25030081

Sodium pyruvate (100 mM) Sigma-Aldrich Cat# S8636

D-Glucose Sigma-Aldrich Cat# G7021

Oligomycin Sigma-Aldrich Cat# O4876

FCCP Sigma-Aldrich Cat# C2920

Antimycin A Sigma-Aldrich Cat# A8674

Rotenone Sigma-Aldrich Cat# R8875

2-Deoxy-D-glucose MilliporeSigma Cat# 25972-1GM

Methylcellulose Sigma-Aldrich Cat# M0512

Geltrex Thermo Fisher Scientific Cat# A1413202

Critical commercial assays

Seahorse XFe96/XF Pro FluxPak Agilent Cat# 103792-100

Experimental models: Cell lines

Human: Panc-1 cells ATCC CRL-1469

Human: HEK293T cells ATCC CRL-3216

Oligonucleotides

siRNA: Negative control Thermo Fisher Scientific Cat# 4390843

siRNA: MFN1 #1 Thermo Fisher Scientific Assay ID: s31218

siRNA: MFN1 #2 Thermo Fisher Scientific Assay ID: s31220

siRNA: MIC60 #1 Thermo Fisher Scientific Assay ID: s21633

siRNA: MIC60 #2: Thermo Fisher Scientific Assay ID: s21634

shRNA targeting sequence: scramble:

CCTAAGGTTAAGTCGCCCTCG

Sarbassov et al.40 Addgene Plasmid #1864

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

shRNA targeting sequence: DRP1:

GCTACTTTACTCCAACTTATT

Sigma-Aldrich TRCN0000001097

Recombinant DNA

pHR-CMV8.2DR Stewart et al.41 Addgene Plasmid #8455

pCMV-VSVG Stewart et al.41 Addgene Plasmid #8454

pPAGFP-N1 Patterson et al.42 Addgene Plasmid #11909

pHR-SIN Su9-PAGFP This paper N/A

pLKO.1 scrambled shRNA This paper N/A

pLKO.1 DRP1 shRNA This paper N/A

Software and algorithms

MitoCarta3.0 Rath et al., 202113 www.broadinstitute.org/mitocarta

OncoDB Tang et al., 202215 https://oncodb.org

GTEx database Consortium, 201343 https://gtexportal.org/home/

FIJI NIH https://imagej.net/software/fiji/downloads

Prism GraphPad https://www.graphpad.com/features

Seahorse Wave Controller Software Agilent https://www.agilent.com/en/product/cell-analysis/

real-time-cell-metabolic-analysis/xf-software/

seahorse-wave-controller-software-2-6-1-740904
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cells

PANC-1 and MIA PaCa-2 cells were obtained from the American Type Culture Collection and were cultured in Dulbecco’s Modified Eagle

Medium (DMEM) containing 10% fetal bovine serum. For siRNA knockdown, PANC-1 cells were plated at a density of 100,000 cells/well in

a 6-well plate and cultured for 24 h. The cells were transfected with siRNAs at 10 nMusing Lipofectamine RNAiMAX (Invitrogen). The following

Silencer Select siRNAs from Thermo Fisher were used: negative control (4390843), MFN1 #1 (s31218), MFN1 #2 (s31220), MIC60 #1 (s21633),

and MIC60 #2 (s21634).
METHOD DETAILS

Data analysis

We selected 1136 mito-genes that encode mitochondrial proteins based on MitoCarta3.0.13 Using OncoDB,15 we retrieved gene expression

profiles of these genes from pancreatic cancer samples in TCGA14 and normal pancreas tissues in the GTEx database.43 We employed Stu-

dent’s t-test followed by the Benjamini-Hochberg procedure to calculate adjusted p-values. For the survival analysis of pancreatic cancer, we

applied the Kaplan-Meier model to estimate the survival probabilities along with the survival time. Based on RNA expression, we categorized

the cancer cases into ’high’ or ’low’ expression groups using a median 50% threshold. We then used the log-rank test to compare the survival

curves between these two groups. Additionally, we employed the Cox regression analysis to determine the hazard ratio associated with the

expression levels of the selected genes. GO enrichment analysis of differentially expressed genes was carried out using PANTHER, and sta-

tistical significance was adjusted using Bonferroni correction. Biological processes that met the criteria of a p-value less than 0.05 and showed

gene enrichment greater than 20-fold are presented.
Inhibitors

Chloramphenicol (C0378-5G, Sigma), MYLS22 (HY-136446, Med Chem Express), R162 (30922, Cayman), YMU1 (21981, Cayman), BI-6C9

(sc-210915, Santa Cruz Biotechnology), AP5A (sc-204156, Santa Cruz Biotechnology), Fidarestat (HY-105185, Med Chem Express), ML348

(HY-100736, Med Chem Express), FC9402 (HY-141552, Med Chem Express), MRTX1133 (NC2083191, Fisher Scientific), and Miclxin

(HY-138301, Med Chem Express) were used.
Cell proliferation

PANC-1 and MIA PaCa-2 cells were plated at 3,000 cells/well in a 96-well plate and incubated at 37�C with 5% CO2 for 24 h. Cells were then

treated with various inhibitors for 48 h. To determine IC50, PANC-1 cells were plated at 3,000 cells/well at in a 96-well plate and incubated at

37�C with 5% CO2 for 24 h. Cells were then treated with various inhibitors for 72 h. To examine the combined effect of DRP1 knockdown and
16 iScience 27, 110880, September 20, 2024
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MYLS22, PANC-1 cells were seeded at 100,000 cells/well in a 6-well plate and cultured for 24 h. The cells were then incubated with lentiviruses

expressing either scramble or DRP1 shRNA in DMEM containing 10% FBS and 8 mg/ml polybrene for 24 h. The cells were subsequently

cultured in DMEMcontaining 10%FBS for an additional 3 days. The cells were then replated at 10,000 cells/well in a 96-well plate and cultured

for 24 h before being treated with 50 mMMYLS22 for an additional 2 days. For the siRNA knockdown of MFN1 andMIC60, PANC-1 cells were

plated at a density of 100,000 cells/well in a 6-well plate and cultured for 24 h. The cells were transfected with siRNAs at 10 nM using Lipofect-

amine RNAiMAX (Invitrogen). After 3 days, the cells were replated at a density of 10,000 cells/well in a 96-well plate and cultured for 24 h. The

cells were then transfected with siRNAs again and cultured for an additional 2 days. For crystal violet staining, the cells were fixed with 4%

paraformaldehyde in PBS at room temperature for 20 min. After washing with MilliQ water, cell densities were assessed by staining with

0.35% crystal violet (65092A-95, Sigma Aldrich) for 20 min. After washing three times with water and air-drying, 150 ml of 10% acetic acid

was added, and the absorbance was measured at 595 nm using a multimode microplate reader (CLARIOstar, BMG Labtech).

Spheroid growth

PANC-1 cells were cultured in a 10-cm dish in DMEM containing 10% FBS. The cells were washed with PBS and detached from the dish using

2 ml of pre-warmed 0.05% trypsin-EDTA for 5 min. After adding 5ml of the culturemedium, the cells were centrifuged twice in a 15 ml conical

tube at 1500 rpm for 3 min and then pelleted. The cells were resuspended at 10,000 cells/ml in 10 ml of the culture medium containing 0.24%

methylcellulose. A 20 ml aliquot of the cell suspension was placed on the bottom of the lid of a 10-cm dish filled with PBS and incubated for 2–

4 days in a cell culture incubator at 37�C with 5% CO2 to allow spheroid formation.27 The spheroids were suspended in 2–3 ml of culture me-

dium and transferred to a 15ml conical tube coatedwith 3%BSA in PBS, using a 10ml pipette coatedwith 3% BSA in PBS. The spheroids were

washed three times in the culture medium at 1500 rpm for 3 s each time and resuspended at a concentration of 1 spheroid/ml in Geltrex

(A1413202, Thermo Fisher). A 50-ml volume of the spheroid suspension was placed in 24-well plates and incubated at 37�C for 30 min to allow

the Geltrex to solidify. Subsequently, 1 ml of the culture medium was added. The spheroids were then cultured for 7 days in a cell culture

incubator at 37�Cwith 5%CO2. The culture mediumwas changed on day 3 or 4. Images of the spheroids were captured using phase-contrast

microscopy (AXIO Observer Z1, Zeiss). The size of the total and their invasion area were calculated using NIH Fiji software.

Wound-healing assay

PANC-1 cells were seeded in a 12-well plate and cultured until they reached 100% confluence. A wound was created by scratching a line

across the bottom of the dish through the confluent cell monolayer using a sterile P-200 pipette tip. The cells were then gently rinsed with

PBS and treated with DMEM containing either DMSO or 50 mM MYLS22 for 72 h. Images were captured using phase-contrast microscopy

(AXIO Observer Z1, Zeiss). The width of the scratches was measured using NIH Fiji software.

Western blotting

PANC-1 cells were harvested and lysed in RIPA buffer (9806S, Cell Signaling), supplemented with cOmplete, Mini, EDTA-free Protease Inhib-

itor Cocktail (11836170001, Roche) and Phosphatase Inhibitor Cocktail 2 and 3 (P5726 and P0044, Sigma Aldrich), while on ice.44 The lysates

were centrifuged at 16,000 g for 10 min at 4�C, and the supernatants were collected. Proteins were separated using SDS-PAGE and subse-

quently transferred onto Immobilon-FL Transfer Membranes (Millipore). These membranes were blocked with PBS-T (PBS containing 0.05%

Tween 20) and 3%BSA at room temperature for 1 h andwere incubatedwith primary antibodies in PBS-T containing 3%BSA at 4�Covernight.

The antibodies used wereMFN1 (13798-1-AP; Proteintech), DRP1 (611113; BD Biosciences), MIC60 (10179-1-AP; Proteintech), AKT (9272, Cell

Signaling), phospho-AKT at S473 (4060, Cell Signaling), phospho-AKT at T308 (13038, Cell Signaling), ERK1/2 (9107, Cell Signaling), phospho-

ERK1/2 (4370, Cell Signaling), and GAPDH (MA5-15738, Invitrogen). After washing the membranes three times in PBS-T, they were incubated

with appropriate fluorescently labeled secondary antibodies at room temperature for 1 h. Following another three washes in PBS-T, fluores-

cence signals were detected using a Typhoon laser-scanner platform (Amersham).

Laser confocal immunofluorescence microscopy

PANC-1 cells were seeded at 20,000 cells/well in an 8-well chamber and cultured for 24 h. The cells were then incubated with 50 mMMYLS22

for an additional 24 h. Subsequently, the cells were fixed in pre-warmed (37�C) PBS containing 4% paraformaldehyde for 20 min.44,45 After

washing three times with PBS, the cells were permeabilized with PBS containing 0.1% Triton X-100 for 8 min. The cells were then washed three

more times with PBS and blocked in PBS containing 0.5% BSA at room temperature for 1 h.44,45 Next, the cells were incubated with anti-PDH

antibody (1:300 dilution in PBS containing 0.5% BSA; ab110333, Abcam) or TOM20 (1:1,000 dilution in PBS containing 0.5% BSA; 11802-1-AP;

Proteintech) at 4�C overnight. The cells were washed three times with PBS and incubated with Alexa 488-conjugated anti-mouse IgG (1:400

dilution in PBS; A21202, Thermo Fisher) and Alexa 568-conjugated phalloidin (1:500 dilution in PBS; A12380, Thermo Fisher) at room temper-

ature for 1 h. Finally, the cells were again washed three times with PBS and stained with 1 mg/ml DAPI. Samples were observed using a Zeiss

LSM800 GaAsP laser scanning confocal microscope.44,45 Mitochondrial length was measured using NIH Fiji software.44,45

Mitochondrial fusion

Mitochondrial fusion was examined using matrix-targeted photoactivatable GFP (mitoPAGFP).22 The matrix-targeted presequence from Su9

was fused to the N-terminus of photoactivatable GFP (Addgene #11909) and cloned into the lentiviral vector pHR-SIN.22 Cells were infected
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with lentiviral particles carryingmitoPAGFP. Fifteenminutes before observation, cells were stained with 5 nM TMRE to visualize themitochon-

dria. MitoPAGFP was photoactivated using 405 nm light at 50% power, with 25 repetitions, for a total of 2.5 seconds, in a small region

measuring 16 mm2. The imaging was performed using a Zeiss LSM800 GaAsP confocal microscope equipped with an environmentally

controlled chamber. Images were captured at 15-min intervals over a 60-min period. The fluorescence intensity of mitoPAGFP in the photo-

activated region was quantified using NIH Fiji software.
Electron microscopy

Cells were fixed by 2%glutaraldehyde, 3mMCaCl2 and 0.1M cacodylate buffer, pH 7.4, for 1 h.46 After washes, samples were post-fixed in 1%

OsO4, 1% potassium hexacyanoferrate, and 0.1 M cacodylate, pH 7.4, for 1 h on ice. After washes in water, samples were incubated in 2%

uranyl acetate for 30 min on ice. After dehydration using 50, 70, 90, and 100% ethanol, samples were embedded in EPON resin. Ultrathin

sections were obtained using a Reichert-Jung ultracut E, stained with 2% uranyl acetate and lead citrate, and viewed using a transmission

electron microscope (H-7600; Hitachi) equipped with a dual CCD camera (Advanced Microscopy Techniques).
Plasmids

To generate shRNA plasmids, the following target sequences were cloned into pLKO.1. Scramble: CCTAAGGTTAAGTCGCCCTCG

ctcgagCGAGGGCGACTTAACCTTAGG, DRP1: GCTACTTTACTCCAACTTATTctcgagAATAAGTTGGAGTAAAGTAGC.
Lentivirus

HEK293T cells were seeded at 1.53 106 cells in a 10-cm dish and cultured for 24 h. To produce lentiviruses, 3 mg of pLKO.1 carrying shRNAs

was co-transfected into HEK293T cells along with 3 mg of pHR-CMV8.2DR and 0.3 mg of pCMV-VSVG using Lipofectamine 2000 (Invitro-

gen).44,47 After 20–22 h, the culture medium was replaced with fresh medium. After an additional 24 h, the culture medium containing the

released viruses was collected. For lentiviral transduction, PANC-1 cells were seeded at 1 3 105 cells/well in a 6-well plate and cultured

for 24 h. Cells were then incubated with lentivirus in the cell culture medium containing 10% FBS and 8 mg/ml polybrene for 24 h.
Mitochondrial respiration

Mitochondrial OCRs were measured using an XF96 Extracellular Flux Analyzer (Seahorse Bioscience) as described in previous studies.44,47

PANC-1 cells were seeded at 10,000 cells/well in an XF 96-well culture microplate and cultured for 24 h. The cells were then incubated

with 50 mM MYLS22 for an additional 24 h. Subsequently, the cells were washed twice with an XF base medium supplemented with 50 mM

MYLS22, 25 mM glucose, and 4 mM L-glutamine. The cells were then incubated at 37�C in a CO2-free incubator for 1 h. OCR measurements

were performed according to themanufacturer’s instructions. BaselineOCRwas recorded three times, after which 1.6 mg/ml oligomycin (OM),

1 mM FCCP, and 0.5 mM rotenone/antimycin A (AM+Rot) were sequentially injected into each well.
Glycolysis

Glycolysis was measured by analyzing ECARs using an XF96 Extracellular Flux Analyzer (Seahorse Bioscience). PANC-1 cells were seeded at

10,000 cells/well in an XF 96-well culture microplate and cultured for 24 h. The cells were then incubated with 50 mMMYLS22 for an additional

24 h. Subsequently, the cells were washed twice with XF base medium supplemented with 50 mM MYLS22 and 4 mM L-glutamine and then

incubated at 37�C in a CO2-free incubator for 1 h. ECAR measurements were performed according to the manufacturer’s instructions. Non-

glycolytic acidification was recorded three times, after which 10 mM glucose, 1.6 mg/ml oligomycin, and 50 mM 2-deoxyglucose (2-DG) were

sequentially injected into each well.
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using GraphPad Prism 7. Student’s t-test, ANOVA followed by post-hoc Tukey test or �Sı́dák’s test were

used: *p < 0.05, **p < 0.01, ***p < 0.001. Specific statistical tests and significance thresholds are detailed in the figure legends.
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