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Abstract

Ceramide kinase (CERK) is the mammalian lipid kinase from which the bioactive sphingolipid, 

ceramide-1-phosphate (C1P), is derived. CERK has been implicated in several pro-malignant 

phenotypes with little known as to mechanistic underpinnings. In this study, the mechanism of 

how CERK inhibition decreases cell survival in mutant (Mut) KRAS non-small cell lung cancer 

(NSCLC), a major lung cancer subtype, was revealed. Specifically, NSCLC cells possessing a 

KRAS mutation were more responsive to inhibition, downregulation, and genetic ablation of 

CERK compared to those with wild-type (WT) KRAS regarding a reduction in cell survival. 

Inhibition of CERK induced ferroptosis in Mut KRAS NSCLC cells, which required elevating 

VDAC-regulated mitochondria membrane potential (MMP) and the generation of cellular reactive 

oxygen species (ROS). Importantly, through modulation of VDAC, CERK inhibition synergized 

with the first-line NSCLC treatment, cisplatin, in reducing cell survival and in vivo tumor 

growth. Further mechanistic studies indicated that CERK inhibition impacted MMP and cell 

survival by limiting AKT activation and translocation to mitochondria, and thus, blocking VDAC 

phosphorylation and tubulin recruitment.
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Implications: Our findings depict how CERK inhibition may serve as a new key point in 

combination therapeutic strategy for NSCLC, specifically precision therapeutics targeting NSCLC 

possessing a KRAS mutation.

Keywords

ceramide kinase; ceramide-1-phosphate; ferroptosis; cisplatin; KRAS; lung cancer; cell survival; 
AKT; VDAC; mitochondria

INTRODUCTION

Sphingolipids have emerged in recent years as mediators of a number of cancer-related 

processes, including survival, proliferation, migration and metastasis. Regarding cell 

survival, ceramide (Cer) and its metabolites, such as sphingosine-1-phosphate (S1P) and 

ceramide-1-phosphate (C1P), have been implicated in different cell-death pathways in tumor 

cells, including apoptosis, autophagy and necrosis, in response to chemo-, radio- or targeted- 

therapy (1-7). Specifically, Cer is generally considered as anti-apoptotic, anti-survival or 

anti-proliferation factor whereas S1P and C1P have been reported to exert pro-apoptotic 

or pro-survival signaling (8,9). Cer and Cer-derivatives also contribute to therapeutic drug-

resistance in cancer cells (1,3,10,11).

Despite numerous findings on mechanistic function of Cer and S1P in different aspects 

of cancer cells, little is known regarding the pro-surviving or pro-malignant properties of 

C1P. C1P is generated by ceramide kinase (CERK), an enzyme localized to the plasma 

membrane, Golgi apparatus, and mitochondria (12,13,14). C1P is also transported to 

different cell compartments by C1P-transport protein (CPTP), which can impact function 

(15,16). Potential targets of C1P for augmenting tumor cell migration and invasion have 

been implicated such as PI3K/AKT, mTOR, and RhoA (17,18).

In this study, we identified a new molecular mechanism for the action of CERK in the 

cell survival of NSCLC. Specifically, we demonstrate that NSCLC cells with an oncogenic 

KRAS mutation (Mut KRAS) are addicted to CERK-derived C1P by stabilizing VDAC-

mediated mitochondria function and suppressing the activation of ferroptotic cell death. 

CERK inhibition synergized with cisplatin, the first-line therapeutic drugs for NSCLC 

treatment, on reducing cell survival and tumor growth. In Mut KRAS cells, CERK 

modulated VDAC-regulated mitochondria function via AKT translocation to mitochondria 

for VDAC phosphorylation and subsequently stabilizing the tubulin-VDAC interaction. 

Overall, our findings provide the first mechanistic underpinnings of CERK-derived C1P 

in modulating cell survival pathways, and our study further shows CERK as a crucial 

component in therapeutics precisely targeting NSCLC with Mut KRAS.

MATERIALS AND METHODS

Cell culture

NSCLC cell lines (A549, H838, H1792, H1299, H358, H460) were cultured as previously 

described and used within 6 passages (19-26) from receipt and thawing. Cell lines were 

tested every two months for mycoplasma (universal mycoplasma detection kit, ATCC) 
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throughout the study starting two months after thawing cells received from ATCC. Parental 

cell lines were authenticated by STR (short tandem repeat) profiling. For the comparison 

studies among NSCLC cell lines, cells were plated in regular growth medium for each cell 

line, which gave 40% confluency. The following day, medium was changed to serum-free 

RPMI for 16 hours prior to being harvested for analysis. All treatments (Sup. Tbl.S1 for list 

of drugs/reagents) were undertaken in serum-free RPMI medium.

Cell survival assays

NSCLC (4-6x102) cells were plated in 35 mm dishes (6-well plates) in normal growth 

medium, incubated for 6-12 days under SIC, washed, fixed with 10% formalin, and stained 

with 0.05% crystal violet solution. For clonogenic survival assays, the colonies are then 

counted and plotted as number of colonies/plate (≥40 cells per colony) as described 

(19,20,21). For a spectrophotometer survival assays, crystal violet dye was solubilized in 

10% acetic acid solution, diluted in water, and measured by absorbance at 595nM. The 

absorbance value is proportional to cell biomass attached to the plate or to cell viability 

level.

siRNA transfection

NSCLC cells were transfected with ON-TARGET plus Non-targeting Control Pool siRNA 

or CERK/VDAC siRNA (Horizon) using Dharmafect 1 transfection reagent (Horizon). Cells 

(2-3 x 105) were plated in each well of 6-well tissue culture dishes in regular growth 

medium. After 24 hrs, cells were transfected with 50 nM of siRNA following manufacturer 

instructions. After 8 hrs, medium was changed to regular growth medium. For double siRNA 

treatment, 24 hrs post-transfection with the first siRNA, cells were transfected with second 

siRNA following the same procedure. 48 hrs after siRNA transfection, cells were used for 

further analyses.

Generation of CERK+/− (Het) cells by CRISPR/Cas9 technology

NSCLC cells were transduced with both Cas-9 and CERK sgRNA CRISPR adenovirus 

(Abm, cat# K0435821) for 24 hours. Then cells underwent clonal selection to select cell 

clones with at least 50% decrease in CERK mRNA expression examined by quantitative 

RT-PCR (CERK Het cells). Control CERK WT cells were randomly selected from colonies 

yielded from clonal selection of cells transfected with both Cas9 and null control virus.

TMRM assay for MMP

TMRM assay was performed using TMRM Assay Kit (Abcam) following manufacturer’s 

protocol and visualized by using Keyence all-in-one florescence microscopy BZ-X710 

(Ex/Em = 548/573). Fluorescence intensity in each image were measured by using Fuji 

software, subtracted to background signal, and normalized to total cell number in the 

image. Fluorescence intensity value in each well is the average of normalized background-

subtracted florescence intensity of 3 random areas captured from each well.
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Cellular ROS assay

The Cellular ROS assay was performed using DCFDA Cellular ROS Detection Assay 

Kit (Abcam) following manufacturer’s protocol and visualized by using Keyence all-in-

one fluorescence microscopy BZ-X710 (Ex/Em = 485/535). Fluorescence intensity in 

each image were measured by using Fuji software, subtracted to background signal and 

normalized to total cell number in the image. Fluorescence intensity value in each well is 

the average of normalized background-subtracted fluorescence intensity of 3 random areas 

captured from each well.

Lipid peroxidation (MDA) assay

The lipid peroxidation assay was performed using the Lipid Peroxidation (MDA) Assay 

Kit (Sigma-Aldrich) following manufacturer’s protocol. The amount of malondialdehyde 

(MDA), one of the end products of lipid peroxidation, was measured and normalized to the 

amount of total protein from each cell sample (2x106 cells).

Quantitative RT-PCR

Quantitative RT-PCR (RT-qPCR) were performed as previously described (22-26). The 

relative mRNA expression of each gene was normalized to 18S RNA.

Mitochondria and cytoplasmic extraction

Cytoplasmic and mitochondria extracts were separated and prepared from cells using 

Mitochondria Isolation Kit for Cultured Cells (Thermo scientific) following manufacture’s 

protocol. Mitochondria pellets were resuspended in 1X cell lysis buffer for Western 

immunoblotting or in 1X coIP buffer for coIP or IP assays.

Immunoprecipitation (IP) and coimmunoprecipitation (coIP)

For VDAC1 coimmunoprecipitation (coIP), cells were lysed in 1X coIP buffer (20 mM 

Tris-HCl pH 7.4, 150 mM NaCl, 1mM EDTA pH 8.0, 0.5% NP-40 and 1X phosphatase/

protease inhibitor cocktail), and VDAC1 immunoprecipitated using a VDAC1 antibody 

(Cell Signaling) as describedxx followed by purification with protein A/G magnetic beads 

(MedChemExpress), solubilization is Laemmli buffer, and the supernatant subjected to SDS-

PAGE/immunoblotting for tubulin, VDAC1 or AKT. VDAC1 IP was done as above except 

cells were lysed in 1X coIP buffer with addition of 1% SDS followed by heating at 92°C 

for 2 minutes and subjected to SDS-PAGE/immunoblotting for Phospho-AKT substrate or 

VDAC1.

VDAC-tubulin co-localization assay

A549 cells (3x104) were plated in each chamber of the 8-chamber culture slide. The 

following day, cells were treated with NVP-231 (400 nM) for 24 hours. Then cells were 

washed with 1X PBS, fixed in 4% PFA for 5 minutes, washed gently with 1X PBS, 

permeabilized in 0.25% Triton X-100 for 5 minutes, washed with 1X PBS, blocked with 

10% goat serum for 30 minutes, washed with 1X PBS, incubated with primary antibody 

(anti-VDAC1 antibody (ab154856, Abcam) and anti-Tubulin antibody (ab7291, Abcam)), 

washed, incubated in secondary antibody (Goat Anti-Rabbit IgG H&L (Alexa Fluor® 
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488, ab150077, Abcam) and Goat Anti-Mouse IgG H&L (Alexa Fluor® 594, ab150116, 

Abcam)). After washing, the coverslip is added with DAPI-containing mounting media 

and sealed. Images were taken using Keyence all-in-one florescence microscopy BZ-X710 

(VDAC1, Tubulin and DAPI channel). Spearman’s rank correlation value for colocalization 

was calculated using coloc 2 plugin in ImageJ from the raw merged image of VDAC1 and 

Tubulin channel and the correlation value representative for each chamber was the average 

of correlation values from 3 areas randomly selected from each chamber.

Adenovirus transduction

Adenovirus control or adenovirus expressing constitutively active AKT2 were used at ~10 

MOI for transduction as previously described (27). Cas9 and CERK sgRNA CRISPR 

adenovirus (Abm) were used at ~ 5 MOI each for transfection.

Mouse tumor xenograft models

Five-week-old female nude (Foxn1nu/nu) mice were received subcutaneous injections of 

NSCLC cells (106, CERK Het or WT cells) mixed in matrigel solution (50%) into the 

hind flanks. Tumor size was measured 2-3 times per week by a vernier caliper. When 

tumors reached approximately 100 mm3, mice were randomly enrolled onto vehicle control 

(PBS) or cisplatin (3 mg/kg, i.p., twice/week) group. After 2 weeks of treatment (total 4 

treatments), mice were euthanized and tumors were excised for weight measurement as well 

as histological analysis. All animals were maintained according to the University of South 

Florida (8230R) and James A. Haley VAH (#4433V) approved IACUC protocols.

Ultra-Performance Liquid Chromatography Mass Spectrometry

Sphingolipids were extracted from cell pellets using a modified Bligh Dyer Extraction and 

analyzed via mass spectrometry utilizing electrospray ionization and a Sciex Triple Quad 

5500 Mass Spectrometer as previously described (28-32).

Histology and immunohistochemistry

Tumors were fixed in 10% formalin and embedded in paraffin for H&E (hematoxylin 

and eosin) and immunohistochemical analyses. Briefly, following a heat-induced epitope 

retrieval step (0.01 M citrate buffer, pH 6.0), sections were incubated with Ki67 antibody 

(Cell signaling technology) at 1:100 dilution or TFR1 antibody (CD71, 3B8 2A1, Santa 

Cruz Biotechnology) at 1:50 dilution, followed by biotinylated secondary antibody (Vector 

labs) and avidin-biotin-alkaline phosphatase (Vector labs). Then slides were visualized with 

Vulcan Fast Red Chromogen (Biocarta) along with hematoxylin counterstain.

Western immunoblotting

Western immunoblotting was accomplished as described (25,26) using primary antibodies 

listed in the Sup Tbl.S2. Secondary antibodies were horseradish peroxidase-conjugated 

anti-rabbit IgG or anti-mouse IgG antibodies (Cell Signaling Technology).
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Gene expression analysis in lung cancer patients

Normalized Illumina HiSeq RNA-seq data and clinical patient data for lung adenocarcinoma 

was sourced from TCGA PanCancer Atlas (33-36) using cBioPortal for cancer genomics 

(37,38) as the download source. RNA-seq and clinical patient data were processed using 

the R programming language package Tidyverse (39). Outlier determination was performed 

on all genes of interest using the Prism ROUT method (40). Welch’s t-test was used to 

determine statistical significance in gene expression between groups.

Statistical analysis

Unless being noted, statistical differences between 2 groups were determined by a 2-tailed, 

unpaired Student’s t test and statistical differences among 3 and more groups were 

determined by ANOVA followed by Tukey HSD test. All tests were performed using R 

program. P values of less than 0.05 were considered significant.

RESULTS

Inhibition of CERK decreases the survival of NSCLC cells with KRAS mutation

CERK and C1P have been linked to cancer cell survival and cancer relapse (18,41), 

but the neither the susceptibility of NSCLC tumors or cells to CERK inhibition nor the 

mechanistic underpinnings as to a role of CERK and C1P in cancer cell signaling has 

been studied in depth. In this study, NSCLC cell lines with different oncogenic mutations 

and subtypes (lung adenocarcinoma (LUAD), bronchioloalveolar carcinoma (BAC) and 

large cell carcinoma (LCC)) (Sup. Tbl.S3) were treated with the well-characterized CERK 

inhibitor, NVP-231 (42), at varying concentrations reported to suppress intracellular C1P 

levels (≥400nM). Interestingly, only the NSCLC lines harboring activating mutations 

of KRAS (Mut KRAS) (e.g., A549 (LUAD), H358 (BAC), H460 (LCC), and H1792 

(LUAD) cell lines) demonstrated significantly lower cell survival with NVP-231 versus 

wild-type (WT) KRAS NSCLC cells lines (H838 (LUAD) and H1299 (LCC) cell lines) 

(Fig.1A,B, Sup. Fig.S1A, Tbl.S4). This difference was not due to a difference in NSCLC 

subtype as H460s and H1299s, both large cell carcinomas (Sup. Tbl.S3), showed the same 

specificity for the mutant KRAS oncogenotype in regard to NVP-231 sensitivity as the lung 

adenocarcinoma cell lines (A549, H1792, and H838) (Fig.1A,B, Sup. Fig.S1A, Tbl.S4). 

The difference in cell survival was also not due to a lack of a differential inhibitory effect 

of NVP-231 as C1P levels were suppressed equally among the cell lines irrespective of 

KRAS mutation (Fig.1C). Importantly, NSCLC cells with Mut KRAS had a higher level 

of CERK expression (Fig.1D) and C1P levels (Fig.1E) versus WT KRAS NSCLC cell 

lines. Furthermore, human NSCLC (i.e., human lung adenocarcinomas (LUADs)) harboring 

KRASG12 mutations (either G12A, G12C or G12D), the most common KRAS mutations in 

NSCLC, has significantly higher CERK expression (Fig.1F; Sup. Fig.S2A) in contrast to 

common EGFR mutations observed in NSCLC (Supp Fig. 2B). NSCLC with Mut KRAS 
also demonstrated a lower survival outcome (Sup. Fig.S2C), which correlates with higher 

CERK expression. These data show that CERK-derived C1P is important for the survival of 

NSCLC with a Mut KRAS oncogenotype and suggestive of an addiction for cellular C1P in 

this NSCLC oncogenotype.
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Inhibition of CERK induces cell death via ferroptosis

Despite the tremendous number of findings on cell death pathways reported for ceramide 

function, the cell survival signaling mechanisms associated with CERK and C1P are 

understudied and limited. Both the inhibition of apoptosis or autophagy-based cell death 

mechanisms have been linked to C1P (43-45); however, neither NVP-231 treatment nor 

CERK downregulation by siRNA affected mitochondria protein level (mitophagy indicator) 

or LC3 cleavage (autophagy indicator) (Sup. Fig.S3). Furthermore, the levels of apoptosis 

factors (cleaved PARP, cleaved caspase-9, the levels of Bcl-2 and Bcl-X, and the level of 

the mitochondria translocation of Bax) were unchanged by CERK inhibition (Sup. Fig.S3). 

Moreover, the levels of mitochondrial proteins indicative of the levels of mitochondria in 

the cells was also not different between Mut KRAS and WT KRAS NSCLC cell lines 

(Sup. Fig.4) Additionally, pre-treatment with the pan-caspase inhibitor, Z-vad-fmk (Z-vad), 

the necrosis inhibitor, Necrostatin-1 (Nec-1), or the autophagy inhibitor, Chloroquine (CQ), 

did not alter the effect of NVP-231 treatment on cell survival although these inhibitors 

significantly impacted the effect of cisplatin, a well-known anticancer drug to treat solid 

tumors, on cell survival (Fig.2A-D). NVP-231 treatment also did not affect cellular 

senescence (Sup. Fig.S5). In stark contrast, pre-treatment of cells with ferrostatin-1 (Fer1), 

a ferroptosis inhibitor, or deferoxamine (DF), an iron chelator and indirect inhibitor of 

ferroptosis, both significantly reversed the effect of NVP-231 treatment on cell survival 

(Fig. 2E), which implicated ferroptosis as the cause of cell death induced by CERK 

inhibition. Moreover, NVP-231 treatment increased lipid peroxidation (Fig.2F), a hallmark 

of ferroptosis, and the levels of the transferrin receptor 1 (TFR1), which has recently 

reported as a specific ferroptosis marker (46), in Mut KRAS but not in WT KRAS cells 

(Fig.2G, Sup. Fig.S6). These data demonstrate that NSCLC cells possessing oncogenic 

KRAS are addicted to CERK-derived C1P to suppress the activation of ferroptosis.

Inhibition of CERK reduces the survival of KRAS-mutated NSCLC cells by inducing 
mitochondrial dysfunction

Among organelles in mammalian cells, mitochondria are considered as a central 

gate controlling initiation of different cell death pathways including ferroptosis, and 

mitochondrial membrane potential (MMP) is an indicator for mitochondria health. 

Furthermore, numerous reports show that ROS generation is associated with ferroptosis 

(47-49). For these reasons, the effect of NVP-231 on both ROS and MMP was examined, 

and CERK inhibition increased MMP in A549 cells (Mut KRAS/adenocarcinoma subtype), 

but not in H838 cells (WT KRAS/adenocarcinoma subtype) (Fig.3A). In A549 cells, 

CERK inhibition also rendered a significant increase in ROS levels (Fig.3B). Importantly, 

pretreatment of Mut KRAS cells (A549 cells) with the antioxidant/reducing agent, N-

acetylcysteine (NAC), significantly alleviated the effect of CERK inhibition on cell survival 

(Fig.3C), MMP (Fig.3D), and level of ferroptosis marker TFR1 (Fig.3E). These findings 

implicate changes in mitochondria activity and ROS levels as a key mechanism related to 

the ability of CERK inhibition to drive ferroptosis in NSCLC cells harboring oncogenic Mut 

KRAS.
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Inhibition or downregulation of CERK decreases cell survival and sensitizes NSCLC cells 
with oncogenic KRAS to cisplatin via increased MMP and VDAC modulation

VDAC (voltage-dependent anion-selective channel) is one of the key proteins that regulates 

mitochondrial activity and maintains MMP. Importantly, VDAC has also been strongly 

implicated in ferroptosis activation (50-52). Due to the link between VDAC and MMP 

as well as ferroptosis, we examined whether VDAC1 was a critical component of the 

susceptibility of Mut KRAS NSCLC cells to CERK inhibition. In Mut KRAS NSCLC 

cells, downregulation of VDAC1, the most abundant VDAC isoform, resulted in higher 

cell survival upon treatment with ferroptosis inducer, erastin (Sup Fig. S7). Importantly, 

downregulation of VDAC1 significantly alleviated the effect of NVP-231 on the survival 

and MMP of NSCLC cells with Mut KRAS (Fig.4A-C). Also, reduction of VDAC1 level 

significantly “rescued” the effect of CERK downregulation (siCE) on MMP, cell viability 

and level of ferroptosis marker TFR1 observed in Mut KRAS NSCLC cells (Fig.4D-G). The 

effect NVP-231 on the clonogenic survival of Mut KRAS cells was specific for VDAC1 as 

downregulation of VDAC2 showed insignificant effects on the ability of CERK inhibition 

or downregulation to inhibit cell survival (Sup. Fig.8). These data demonstrate that through 

VDAC1, CERK regulates ferroptosis to augment cell survival in NSCLC cells possessing 

Mut KRAS.

Cisplatin, a platinum-based chemotherapeutic drug, is a current first-line treatment of 

NSCLC including those with a Mut KRAS oncogenotype, but with varying effectiveness 

(53-55). In this study, we investigated the inhibitory efficacy of combining the CERK 

inhibitor, NVP-231, with cisplatin on the survival of NSCLC cells as we previously showed 

the cell death mechanisms to be different. NVP-231 pre-treatment amplified the survival 

inhibitory effect of cisplatin treatment, but only in NSCLC cells harboring a KRAS mutation 

(Sup. Fig.S9A,B, Sup. Fig.S1B,C). Additionally, downregulation of CERK sensitized Mut 

KRAS, but not WT KRAS cells to cisplatin treatment in respect of suppressing cell viability 

(Sup. Fig.S9C,D, Sup. Fig.S10A,D, Sup. Fig.S11A,C) as well as tumor growth (Fig.5A-C, 

Sup. Fig.S10E, Sup. Fig.S11D, Sup. Fig.S12). CERK reduction also rendered a boost in 

ferroptosis activation ± cisplatin in tumors (Fig.5D). Importantly, the NVP-231/cisplatin 

combination treatment reduced cell survival in a synergistic manner (Fig.6A,B), and the 

sensitizing effect of NVP-231 on cisplatin treatment regarding cell survival was diminished 

by downregulation of VDAC1 (Fig.6C). Taken together, these findings show that CERK 

inhibition/downregulation synergistically sensitizes Mut KRAS NSCLC cells to cisplatin 

treatment via action on VDAC1.

The role of ceramide kinase in regulation of MMP and cell survival involves the AKT-
regulated VDAC-tubulin interaction

Previously in this study, we demonstrated that VDAC1 was required for CERK inhibition 

to induce MMP, ROS generation, and ferroptosis. Accumulating evidence has shown the 

importance of VDAC-tubulin interaction on the opening/closure state of VDAC related to 

ROS and MMP (56,57). To examine this mechanism in regard to CERK-derived C1P in Mut 

KRAS NSCLC, we again treated our NSCLC cell lines with NVP-231, which dramatically 

decreased tubulin binding to VDAC in NSCLC cells with Mut KRAS (Fig.7A,B). Moreover, 

this effect on the VDAC-tubulin interaction was reversed by pre-treatment of Mut KRAS 
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cells with a common microtubule destabilizer, colchicine, (Fig.7C) to induce a surge in 

available free tubulin for VDAC binding. Cells pre-treated with colchicine were also less 

impacted by NVP-231 treatment in respect of MMP (Fig.7D). These findings indicate that 

CERK inhibition dysregulates MMP in Mut KRAS cells via blocking free tubulin binding to 

VDAC.

The cellular mechanism as to how CERK-derived C1P regulates the VDAC-tubulin 

interaction to maintain MMP was further explored by examining the PI3K/AKT pathway 

for several reasons: 1) RAS mutations have been widely reported to enable AKT pathway 

activation (58,59); 2) CERK has been implicated in AKT activation (18); 3) VDAC gating 

and the VDAC-tubulin interaction has been reported to be affected by phosphorylation state 

of VDAC (60); and 4) the phosphorylation state of VDAC1, which modulates cell survival, 

is linked to AKT signaling (61-64). In this regard, decreased AKT phosphorylation was 

observed following NVP-231 treatment and stable downregulation of CERK in Mut, but 

not WT KRAS NSCLC cells (Fig. 7E; Sup. Figs. S5;S10A-C;S11A,B;S13A-C). Indeed, 

AKT inhibition mimicked the effect of NVP-231 treatment on cell survival, MMP and 

VDAC-tubulin binding in Mut KRAS NSCLC cells. Specifically, treatment of Mut KRAS 
NSCLC cells with PI3K/AKT axis inhibitor, BEZ235 (AKTi), significantly decreased the 

level of AKT phosphorylation (Fig.7E), tubulin binding to VDAC (Fig.7F), increased MMP 

(Fig.7G), and induced ferroptotic cell death (Sup. Fig.S14). Additionally, the effect of 

AKT inhibitor on cell survival and tubulin-VDAC interaction was reversed by pre-treating 

the cells with colchicine (Fig.7F,G). The contribution of AKT activation for the roles of 

CERK in regulating MMP and cell survival was further validated by either expressing 

constitutively active (ca) AKT2 in Mut KRAS cells or dominant negative (DN) AKT2 

prior NVP-231 treatment. Expressing of caAKT2 (Ad-caAKT) in Mut KRAS cells ablated 

the effect of NVP-231 treatment on AKT signaling, cell survival and MMP (Fig.7H-J); 

whereas expressing DN AKT2 did not show an additive effect with CERK inhibition on 

cell survival in Mut KRAS cells (Sup. Fig.S15). Interestingly, mitochondrial AKT directly 

bound to VDAC, and treatment with NVP-231 not only decreased AKT level in the 

mitochondria, but reduced AKT-VDAC binding (Fig.8A). Treating Mut KRAS cells with 

NVP-231 also lowered AKT-mediated phosphorylation of VDAC (Fig.8B) and a significant 

decrease in total phospho-serine VDAC was also observed in A549 cells with one allele 

of CERK ablated by CRISPR/cas9 (Sup. Fig.S16), which was linked to decreased AKT 

phosphorylation, clonogenic survival, and tumor growth along with increased cellular ROS 

generation (Sup. Fig.13). This effect was specific as re-expression of CERK “rescued” 

these effects in the heterozygous CERK ablation model regarding AKT activation and cell 

survival (Sup. Fig.S17). Intriguingly, NSCLC cells with Mut KRAS were shown to have 

higher levels of AKT activation and mitochondria AKT (Fig.8C, Sup. Fig.1D) as well as 

more VDAC-tubulin binding and AKT-mediated phosphorylation of VDAC (Fig.8D) despite 

a lack of differences in the levels of mitochondria proteins among those cell lines (Sup. 

Fig.S4). As VDAC phosphorylation has been reported to have significant impact on tubulin-

VDAC association (60), our findings suggest an attractive model for mechanistic action of 

CERK in Mut KRAS NSCLC cells (Fig.8E): 1) In the presence of constitutively-activated 

KRAS, CERK is upregulated/activated, and either directly or indirectly, activates AKT to 

promote its translocation to mitochondria for enhancement of VDAC phosphorylation and 
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tubulin binding in order to maintain MMP and prevents overproduction of ROS, which can 

lead to cell death; and 2) When CERK activity or C1P levels are low, inactive AKT is likely 

dominant, which renders less mitochondria AKT-mediated phosphorylation of VDAC and 

tubulin-VDAC association, causing out-of-control VDAC activity, a surge in ROS-mediated 

lipid peroxidation and ferroptotic cell death in Mut KRAS NSCLC.

DISCUSSION

CERK inhibition, partial genetic ablation, and downregulation in Mut KRAS, but not 

WT KRAS NSCLC cells and tumors was observed to increase MMP, ferroptosis, and 

cisplatin sensitivity as well as significantly lower AKT activation, cell survival, tumor 

growth capacity. Hence, the study strongly suggests the involvement of AKT pathway 

and mitochondria function in how CERK controls ferroptosis activation to maintain the 

homeostasis of Mut KRAS NSCLC cells. Indeed, pretreatment of Mut KRAS cells with 

ROS scavenger or ferroptosis inhibitor Ferrostatin-1 alleviated the effect of NVP-231 

treatment on cell survival, but interestingly, did not completely revert the survival back 

to control levels. This lack of a complete “rescue” may be due to the limited capability of 

these agents to completely remove ROS or block ferroptosis. On the other hand, it does 

not rule out the possibility that CERK activates other pro-survival pathway(s) such as those 

linked to AKT. In support, caAKT2 expression completely abrogated the effect of CERK 

inhibition on cell survival, and future investigations will be needed to determine these 

additional survival mechanisms. Regardless, this study strongly suggests that one mode by 

which CERK aids the survival and cellular homeostasis of Mut KRAS NSCLC cells is via 

AKT regulation of VDAC to suppress ROS production and ferroptosis.

This study also demonstrates that function of CERK to suppress ferroptosis is specific to 

KRAS versus other RAS family members as a NSCLC cell line with an activating NRAS 
mutation (H1299) was not susceptible to NVP-231. This specificity for KRAS signaling 

as to CERK-derived C1P suggested that common regulatory factors or cellular locations 

specific to CERK and KRAS may be involved. On plausible example of a regulatory 

factor is calmodulin, a modulator of CERK activity that will associate specifically with 

KRAS versus other RAS family members (65-67). Another plausible link are bioactive 

phosphoinositides as CERK possesses a PH-domain (68) and KRAS specifically is linked 

to enzymes that modulate the levels of this lipid class (61). The link of calmodulin and 

specific phosphoinositides (e.g., PI5P, PI(3,5)P2, PI(4,5)P2, PI(3,4,5)P3) to only KRAS 
signaling may explain the specificity of the increased levels of C1P in these NSCLC 

cells, and one supposition is the existence of a stable complex between these factors 

driving AKT activation as this enzyme possesses a PH-domain and also associates with 

specific phosphoinositides (e.g., PIP3) (69). As to a specific cellular location, KRAS is 

the only RAS isoform that localizes to the mitochondria where CERK is also localized 

(14,70-72). Interestingly, CERK requires cardiolipin for full activation (73,74), and KRAS 
signaling is linked to increased levels of a cardiolipin regulatory enzyme, PLSCR3 (61,75). 

Alternatively, CERK expression is higher in NSCLC cells with Mut KRAS, and thus, 

activation of KRAS may simply increase CERK levels via a transcription mechanism, 

although this would not explain the specificity for Mut KRAS versus NRAS. Future studies 
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will interrogate these possibilities as to the specific link of CERK to KRAS as a direct 

versus indirect mechanism.

Our findings also indicate the role of CERK in AKT activation to regulate VDAC function 

and implies CERK-VDAC axis as contributor for cisplatin resistance in Mut KRAS 
cells. Indeed, AKT was implicated to directly phosphorylate VDAC1, which was linked 

to enhanced tubulin association. This is in opposition to the current indirect model via 

AKT inhibition of GSK-3β, which leads to dephosphorylation of VDAC1 on ser13 and 

thr107 with subsequent suppression of intrinsic apoptosis (63,76). Our data suggest that 

an additional direct phosphorylation mechanism also exists, and previous studies have 

identified additional phosphorylation sites linked to AKT, which have not been investigated 

(ser57, thr65, thr98)) (77,78). Thus, context (ferroptosis vs apoptosis suppression) as to a 

particular cell signaling cascade may be important as to how VDAC1 activity is modulated. 

A similar mechanism of direct VDAC1 phosphorylation blocking cell death, in this case 

apoptosis, was shown for NEK1 phosphorylation of VDAC1 on Ser193, but the sequence 

does not correspond to an AKT consensus site (79). Regardless, this study suggests a distinct 

mechanism where CERK inhibition sensitizes Mut KRAS cells to cisplatin by suppressing 

the AKT pathway to directly impact VDAC activity. Therefore, therapeutic drugs targeting 

CERK would be a promising component in combinational approach for targeting NSCLC in 

a very precise manner (e.g., the Mut KRAS subtype).

In conclusion, this study demonstrated intriguing findings regarding a new mechanism of 

how the inhibition of CERK reduces the survival and increases the sensitivity to cisplatin 

of NSCLC cells harboring KRAS mutations. Our findings suggest an attractive model for 

mechanistic action of CERK in Mut KRAS NSCLC cells (Fig.8E): 1) In the presence 

of constitutively-activated KRAS, CERK is upregulated/activated, and either directly or 

indirectly, activates AKT to promote its translocation to mitochondria for enhancement 

of VDAC phosphorylation and tubulin binding in order to maintain MMP and prevents 

overproduction of ROS, which can lead to cell death; and 2) When CERK activity or 

C1P levels are low, inactive AKT is likely dominant, which renders less mitochondria AKT-

mediated phosphorylation of VDAC and tubulin-VDAC association, causing out-of-control 

VDAC activity, a surge in ROS-mediated lipid peroxidation and ferroptotic cell death in 

Mut KRAS NSCLC. The study also provides a basis for the development of highly effective 

anti-cancer combinations for the treatment of NSCLC with specific oncogenic mutation (i.e., 

Mut KRAS).
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Figure 1: NSCLC cells with activating KRAS mutation are more responsive to CERK inhibition 
for effects on cell survival.
(A, B) NSCLC cells with Mut (A) or WT KRAS (B) were treated with NVP231 (0-400 

nM) for 48 hours then utilized in clonogenic survival assay. (C) A549 (LUAD) and H838 

(LUAD) cells were treated with NVP 231 as in (A) for 24 hours then subjected to mass 

spectrometry analysis for C16:0 C1P level (C16:0 C1P species represents the majority of total 

C1P detected in the NSCLC cell lines). (D, E) A549(LUAD)/H358(BAC)/H838(LUAD)/

H1299(LCC) cells at approximately 40-50% confluency were placed in serum-free media 

for 16 hours, then cell lysates were subjected to RNA extraction followed by RT-qPCR 

assay for CERK mRNA quantification (D) or mass spectrometry analysis for C16:0 C1P 

level (E). (F) Comparison of CERK expression in human lung adenocarcinoma patients 

harboring WT versus Mut KRAS (G12 Mut); n = 305 for WT and 87 for Mut KRAS. 

Data in (A-E) are means ± SD; n = 6 from at least two independent occasions. *p<0.05, 

**p<0.005, ***p<0.0005, #p<0.00005, ##p<0.000005. Unless otherwise noted by an * or 

depicted p-value, data are not significant between depicted groups; p>0.05.
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Figure 2: Ferroptosis as mediator for CERK inhibition-induced cell death.
(A-E) A549 cells (LUAD) were pretreated with vehicle (Veh) or pan caspase inhibitor 

Z-vad-fmk (Z-vad, 25 μM) (A, B), necrosis inhibitor Necrostatin-1 (Nec-1, 10 μM) (C), 

autophagy inhibitor Chloroquine (CQ, 10 μM) (D), ferroptosis inhibitor Ferrostatin-1 (Fer-1, 

5 μM) or iron-chelator deferoxamine (DF, 100 μM) (E) for 1 hour then treated with Veh, 

NVP-231 (400 nM) or Cisplatin (Cis; 1 μM except in panel B as labeled) for additional 16 

hours before cells were utilized in clonogenic survival assay or Western immunoblotting. (F, 

G) Protein lysate from A549 cells treated with Veh or Fer-1 (5 μM) followed by 16 hours of 

Veh or NVP-231 (400 nM) treatment were subjected to lipid peroxidation (MDA) assay (F) 

or Western immunoblotting (G). Data in graphs are means ± SD; n = 6-7 in (A, C-F) or n=4 

in (G) from two independent occasions. #p<0.01, ##p<0.001, *p<0.00005, **p<0.000005. 

Unless otherwise noted by an * or depicted p-value, data are not significant (NS) between 

depicted groups; p>0.05.
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Figure 3: Ceramide kinase inhibition decreases mutant KRAS NSCLC cell survival by increasing 
MMP and generation of ROS.
(A, B) A549 and H838 cells (both LUAD-derived) treated with NVP 231 (0-400 nM) for 

24h hours in serum-free media were subjected to MMP (A) or cellular ROS (B) assay. (C-E) 

Cell survival assay (C), MMP assay (D) or Western immunoblotting (E) was performed from 

A549 cells treated with Veh or NAC [(3-9 mM) in (C) and 6 mM in (D), (E)] for 1 hour 

followed by NVP231 treatment [0-400 nM in (C) and 400 nM in (D)] for 24 hours. Data 

are means ± SD; n = 4-6 from at least two independent occasions. *p<0.05, **p<0.005, 

***p<0.0005. Scale bar = 200 μm. Unless otherwise noted by an * or depicted p-value, data 

are not significant between depicted groups; p>0.05.
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Figure 4: Downregulation of VDAC reduces the effect of CERK inhibition/downregulation on 
Mut KRAS NSCLC cell survival and MMP.
(A-C) A549/H838 cells (both LUAD-derived) transfected with control/VDAC1 siRNA 

(siCon or siVD1) for 48h were subjected to SDS-PAGE/immunoblotting (A) or treated 

with NVP 231 [(0-400 nM) in (B), 400 nM on (C)]; 24 hour-post-NVP treatment, cells 

were utilized in clonogenic cell survival assay (B) or MMP assay (C). (D-F) Clonogenic 

cell survival assay (D), MMP assay (E) or Western immunoblotting (F) was performed 

from cells transfected with siCon or siVD1 for 24 hours then with control (siCon) or 

CERK (siCE) siRNA for additional 48 hours. (G) RT-qPCR was utilized from RNA samples 

prepared from cells transfected with siCon or siCE for 72 hours. Data in graphs are means ± 

SD; n = 4-6 from at least two independent occasions. *p<0.01, **p<0.0001, ***p<0.00001. 

Scale bar = 200 μm. Unless otherwise noted by an * or depicted p-value, data are not 

significant between depicted groups; p>0.05.
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Figure 5: Ceramide kinase inhibition/downregulation sensitizes Mut KRAS NSCLC cells to 
cisplatin treatment.
(A-D) A549 cells (LUAD histology) with CERK WT (+/+) or Het (+/−) were injected into 

the flanks of nude mice (106 cells/mice). Mice developing tumors with approximate 100 

mm3 volume were treated with cisplatin (3 mg/kg body weight) twice/week for 2 weeks (4 

treatments). Tumor size was measured 2-3 times/week (A, B) then mice were euthanized, 

and tumors were excised for weight measurement (C). Tumor sections were subjected to 

IHC analysis for ferroptosis marker TFR1 (D). Scale bar = 200 μm. Data in (B,C) are means 

± SD; data in (A) are mean; n=9-10 in (A-D). *p<0.05, **p<0.005, ***p<0.0005. Unless 

otherwise noted by an * or depicted p-value, data are not significant between depicted 

groups; p>0.05.
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Figure 6: NVP 231 synergizes with cisplatin on Mut KRAS NSCLC cells in a VDAC-dependent 
manner.
(A) Clonogenic cell survival assay was performed from A549 cells (LUAD-derived) treated 

with varying concentrations of NVP 231 (0-350 nM) for 8 hours, then with varying 

concentration of cisplatin (Cis) for additional 16 hours. (B) Synergistic curve was generated 

from the half-maximal effective concentration (EC50) of NVP/cisplatin on cell survival. (C) 

Cell survival assay was performed from A549 cells transfected with control or VDAC1 

siRNA (siCon or siVD1) for 48 hours followed by 8-hour-vehicle (Veh) or NVP (300 nM) 

then 16-hour-Veh or Cis- (0.5 μM) treatment. Data in (A) and (C) are means ± SD; n 

= 4 from two independent occasions. Data in (B) are EC50 values calculated from mean 

values in (A). *p<0.0005. Unless otherwise noted by an * or depicted p-value, data are not 

significant between depicted groups; p>0.05.
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Figure 7: CERK inhibition increased MMP in Mut KRAS NSCLC cells by limiting VDAC-
tubulin interaction and AKT activation.
(A, B) CERK inhibition decreased VDAC-tubulin binding and increased MMP in Mut 

KRAS NSCLC cells, which was reverted by tubulin-destabilizer, colchicine (Col), treatment. 

(A) A549/H838 cells (both LUAD-derived) were treated with NVP 231 (0-400 nM) for 

24h hours, then mitochondria fractions prepared from the cell samples were subjected to 

co-IP assay for VDAC1 followed by SDS-PAGE/immunoblotting. (B) A549 cells were 

treated with vehicle (Veh) or NVP-231 (400 nM) for 24 hours then cells were subjected to 

VDAC-tubulin colocalization assay. (C, D) A549 cells were treated with Veh or NVP 231 

(400 nM) for 24h hours followed by 2-hour treatment with Col (1 μM), then mitochondria 

fractions prepared from the cell samples were subjected to co-IP assay for VDAC followed 

by SDS-PAGE/immunoblotting (C) or post-treatment cells were subjected to MMP assay 

(D). (E) A549 cells treated with Veh, NVP-231 (400 nM) or AKT inhibitor, BEZ235 

(AKTi; 50 nM) were subjected to Western immunoblotting. (F, G) AKT inhibition decreased 

VDAC-tubulin binding and increased MMP in Mut KRAS cells, which was reverted by 
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Col treatment. Cells treated with Veh or AKTi as in (E) were additionally treated with 

Col (1 μM) for 2 hours before utilized in co-IP assay for VDAC followed by SDS-PAGE/

immunoblotting (F) or MMP assay (G). (H-J) A549 cells were transfected with adenovirus 

control (Ad-Null) or expressing constitutively active AKT2 (Ad-caAKT) for 24 hours 

followed by 24-hour treatment of Veh or NVP 231 (400 nM); cells were then subjected to 

SDS-PAGE/immunoblotting (H), MMP assay (I) or clonogenic cell survival assay (J). Data 

in graphs are means ± SD; n = 12 in (B); n=6-7 in (D), (G), (I), (J) from two independent 

occasions. *p<0.01, **p<0.005, ***p<0.0005. Unless otherwise noted by an * or depicted 

p-value, data are not significant (NS) between depicted groups; p>0.05.
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Figure 8: Ceramide kinase inhibition decreased mitochondrial AKT level, AKT-VDAC binding 
and AKT-mediated VDAC phosphorylation.
(A, B) A549 cells (LUAD-derived) were treated with vehicle (Veh) or NVP 231 (400 nM) 

for 24 hours, mitochondria fraction prepared from the post-treatment cells were subjected to 

co-IP (A) or IP (B) assay for VDAC1 followed by SDS-PAGE/immunoblotting; cytosol and 

mitochondria fraction was also included in the Western immunoblotting. (C, D) Compared 

to WT KRAS NSCLC cells, Mut KRAS cells had more AKT activation, less VDAC-tubulin 

binding and AKT-mediated phosphorylation level of VDAC1. A549/H358/H1792/H838/

H1299 cells at approximately 40-50% confluency were placed in serum-free media for 

16 hours, then cell lysates were prepared and utilized in SDS-PAGE/immunoblotting (C) 

or mitochondria fractions prepared from the cell samples were subjected to co-IP or IP 

assay for VDAC1 followed by SDS-PAGE/immunoblotting (D). (E) Mechanistic model of 

how CERK inhibition attenuates Mut KRAS NSCLC cell survival. Left panel: in NSCLC 

cells with constitutively active KRAS by mutation, high CERK activity/C1P level elevates 

PI3K signaling and activates AKT by phosphorylation; active AKT then transports to 

mitochondria where it interacts with and phosphorylates VDAC; phosphorylation of VDAC 

by AKT results in more tubulin recruitment to VDAC, which reduces VDAC function 

and ROS generation to limit ROS-induced ferroptotic cell death. Right panel: low level 

or the absence of CERK/C1P prevents AKT activation, VDAC phosphorylation by AKT 
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and subsequent VDAC-tubulin interaction; with less tubulin binding, VDAC activity were 

enhanced, causing more ROS production, ROS-mediated ferroptosis and cell death.
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