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ABSTRACT  

Metabolic dependencies are emerging as promising therapy targets in cancer, including acute myeloid 

leukemia (AML). Several metabolic vulnerabilities have been identified in AML cells, including a 

requirement for balanced sphingolipid metabolism to maintain survival and proliferation. Here we describe a 

novel function of the RAS superfamily small GTPase ARF6 in maintaining sphingolipid homeostasis in AML. 

Genetic depletion of ARF6 inhibited the proliferation of AML cell lines and reduced colony formation of 

primary AML CD34+ cells. Mechanistically, ARF6 promotes conversion of ceramide to sphingomyelin by 

enhancing sphingomyelin synthase (SGMS1/2) expression, thereby preventing accumulation of cytotoxic 

ceramide levels. Accordingly, higher expression of ARF6 and its effectors SGMS1/2 in AML patient cells 

correlates with shorter survival in two independent AML cohorts, with ARF6 exhibiting an adverse 

prognostic effect independent of European Leukemia Net genetic risk. Small molecule inhibitors of ARF6 

suppressed colony formation by primary AML CD34+ cells, but not cord blood CD34+ cells and showed 

activity in xenograft models. The dependency of AML cells on ARF6 to regulate sphingolipid homeostasis 

may present a therapeutic opportunity.  
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INTRODUCTION  

AML is a genetically heterogeneous hematopoietic neoplasm with poor prognosis. Except for acute 

promyelocytic leukemia, standard therapy for AML had remained unchanged since the 1970s, consisting of 

induction chemotherapy followed by additional chemotherapy or allogeneic bone marrow transplant for 

consolidation. Recently the therapeutic armamentarium has been enriched by several targeted agents, 

including midostaurin and giltiritinib for patients with FLT3 internal tandem duplications (FLT3-ITD)(1, 2), 

and ivosidenib and enasidenib for patients with isocitrate dehydrogenase 1/2 mutations. The combination of 

the BCL2 inhibitor venetoclax with 5-azacytidine (5-aza) has improved survival of older AML patients and is 

now the standard of care in this poor prognosis population(3, 4). In contrast to molecularly based targeted 

approaches, venetoclax+5-aza activity is mostly genotype agnostic, although efficacy in patients with TP53 

mutations or complex karyotype is lower(4). Unfortunately, most patients eventually relapse and succumb 

to AML. Additionally, results in patients treated outside of clinical trials are inferior to those reported from 

prospective studies, indicating that venetoclax/5-aza has mitigated but not solved the problem of refractory 

AML.  

Aberrant metabolism is recognized as one of the cardinal features of cancer(5). To meet the demands of 

rapid proliferation, cancer cells rewire metabolism to generate intermediary metabolites such as amino 

acids and nucleotides, sometimes creating new metabolic bottlenecks compared to their normal 

counterparts(5, 6). Several metabolic targets are under pre-clinical and clinical investigation in AML, 

including mitochondrial respiration and glutaminase(6, 7). Most reported metabolic targets in AML are 

genotype-agnostic(6, 7). While early work in cancer metabolism focused on shifts in energy metabolism 

from oxidative phosphorylation to glycolysis in aerobic conditions (known as the Warburg effect), recent 

work has identified reprogramming of lipid metabolism as an equally important metabolic adaptation(7). For 

example, AML cells, but not their normal counterparts, rely on very long chain fatty acid metabolism. 

Interestingly, fatty acid oxidation is further upregulated upon resistance to venetoclax/5-aza(8).  

ADP ribosylation factors (ARFs) are members of the RAS superfamily of small GTPases that are activated 

in a GTP-bound form and regulate vesicular trafficking, cytoskeletal remodeling(9), and turnover of various 

cellular components(10-12). Among ARFs, ARF6 is recognized as a potential therapeutic target in several 

human diseases, such as arthritis(13), diabetic retinopathy, sepsis, and cancer(14-18). In addition to its role 

in controlling vesicular trafficking, ARF6 has been shown to regulate the phosphorylation and distribution of 

the phosphatidylinositide, PIP2, by mediating the activation of phosphatidylinositol kinases(19, 20). 

Moreover, ARF6 activates phospholipase D which generates phosphatidic acids from phosphatidylcholine. 

A recent study reported that ARF6-regulated retromer organization influences the distribution of 

cholesterol(19). Ceramide is a sphingolipid generated by de novo synthesis or conversion from sphingosine 

and sphingomyelin(21, 22). Ceramide functions as a pleiotropic signaling lipid that triggers apoptosis and 

growth arrest in various cell types(23), including leukemia cells(23, 24). Several mechanisms have been 

proposed to explain the pro-apoptotic effects of ceramide, including the inactivation of AKT(23). Since 

genetic deletion of an ARF6 upstream deactivating protein, Smap1, in hematopoietic cells caused 
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myelodysplasia and AML in mice, we hypothesized that ARF6 may regulate sphingolipid metabolism in 

AML. Validating this notion, we show that ARF6 promotes proliferation of AML cells by maintaining 

sphingolipid homeostasis. Our results add to a growing body of data implicating ARF6 in cancer(14, 15, 17, 

18, 25), and suggest that targeting ARF6 in AML may hold therapeutic promise.  

METHODS 

Immunoblot and ARF6-GTP-pulldown assay 

For immunoblot assays, cells were harvested and lysed in Pierce IP Lysis Buffer (Thermo Scientific) 

supplemented with Halt Protease and Phosphatase Inhibitor Cocktail (Thermo Scientific), and supernatant 

was collected. Protein concentration in the lysates were quantified using Micro BCA Protein Assay Kit 

(Thermo-Fisher). Equal amounts of proteins from different samples were added to 2x Laemmli buffer and 

denatured at 90 °C for 10 minutes. Samples were loaded onto 10 or 15% SDS-PAGE gels for 

electrophoresis. Proteins were transferred onto methanol-activated PVDF membranes for antibody 

detection. Specific primary antibodies (ARF6 Rb-mAb from CST, GAPDH Rb-mAb from CST, p-AKT-S473 

Rb-mAb from CST, pan-AKT Rb-mAb from CST, p-ERK1/2-T202/Y204 Rb-pAb from CST, ERK1/2 Rb-pAb 

from CST) and species-matching HRP-conjugated secondary antibodies (Jackson ImmunoResearch) were 

used to probe for separated proteins. HRP-labeled protein bands were detected with Immobilon Western 

Chemiluminescent HRP Substrate (Millipore). Chemiluminescence signals were imaged on ChemiDoc 

Touch Imaging System (Bio-Rad). 

ARF6-GTP–pulldown assays were performed as previously described(13). Briefly, AML cells were treated 

with NAV-2729, A6-4471, or DMSO control for overnight. After treatment, the cells were washed with PBS 

and pelleted by centrifuge. Cell pellets were frozen at -80°C for less than one week before conducting 

pulldown. For the pulldown assay, the frozen cell pellets were lysed using Assay/Lysis Buffer (Cell Biolabs). 

Lysates were centrifuged, and supernatants were added to GGA3-conjugated beads (sta-40706; Cell 

Biolabs) and rotated at 4°C for 60 minutes. Beads were washed in lysis buffer and proteins eluted and 

denatured in 2× Laemmli buffer prior to immunoblot analysis. A fraction of the cell lysate was retained for 

measuring total ARF6. 

Bioinformatics analysis 

For TCGA cohort, patient survival information as well as gene expression profiles were obtained from the 

TCGA-NEJM-2013 database(26) of adult de novo AML patients using R software and its packages. 

Patients were separated into higher-expression (> median expression) and lower-expression (< median 

expression) groups based on the median expression of the gene analyzed. The survival difference between 

these two groups was defined as the difference between the median survival times. Only genes with 

detectable expression were included in the analysis. Kaplan-Meier survival curves of specific genes and the 

linear correlation between ARF6 and SGMS1/2 expression were visualized using the cBioPortal engine(27). 

For MLL Münchner Leukämielabor cohort, the same analysis was independently performed by Torsten 
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Haferlach, D Med, D Phil. Multivariant analysis was performed using R package ‘survival, with age, sex, 

cytogenetics subtypes included in the analysis.  

Human samples 

AML patient mononuclear cell samples and cord blood mononuclear cell samples were acquired from the 

Hematology Biobank at Huntsman Cancer Institute. All primary samples were separated with Ficoll isolated 

and cryo-preserved. The use of de-identified human samples was approved by University of Utah 

Institutional Review Board under the protocol number IRB00045880.  

Statistics 

For comparisons between two groups, if not noted, two-tailed student’s t test was used. When variance is 

unequal, Welch’s t-test was used instead. Mann-Whitney nonparametric test was used if values did not 

form a normal distribution. One-way ANOVA was used for comparing multiple groups with one independent 

variable. . Three biological replicates were used per group unless otherwise noted. For all statistical tests, a 

p-value of less than 0.05 was used as the threshold for determining significant differences, indicated by an 

asterisk (*) in the figures. Standard deviations are provided in the figures. 

RESULTS 

We first interrogated the function of ARF6 in THP-1 and MV4-11 AML cells by shRNA or inducible CRISPR, 

using three different shRNAs and three different CRISPR guide RNAs, respectively, to disrupt ARF6. ARF6 

knockdown (KD) or CRISPR-mediated silencing reduced cell proliferation of both cell lines, evident as 

increase in doubling time (Supplementary Figure 1A-C). We next assessed the effects of ARF6 KD on 

colony formation by THP-1 cells, using shARF6 and shNT (control). We noticed modest reduction of colony 

formation (Figure 1A, Supplementary Figure 2). For validation, we generated a doxycycline-inducible 

lentiviral GFP-shARF6 constructs. We infected OCI-AML3, and OCI-AML5 AML cell lines with ishARF6 and 

plated GFP+ cells in semisolid media supplemented with cytokines with and without 100 ng/mL doxycycline. 

The highly effective shARF6 68 reduced colony formation by 50 – 65%, while the less effective shARF6 05 

reduced colony formation only by 10 – 20% (Figure 1B,C). We next infected CD34+ primary AML cells with 

shARF6 68. Colony formation in the presence of 100 ng/mL doxycycline was reduced by 20 – 50% (Figure 

1D). Doxycycline alone at 100 ng/mL had no effect on colony formation by primary AML cells 

(Supplementary Figure 1D). For validation, we analyzed the data derived from RNAi and CRISPR-based 

genome-wide screening studies available in the DepMap database (Broad Institute)(28, 29). We found that 

CRISPR-mediated silencing inhibits the growth of nearly all AML cell lines tested, whereas RNAi reveals 

ARF6 dependency in 15 out of 22 AML cells tested (Supplementary Figure 3, Supplementary Table 1,2). 

Given the previously reported favorable safety profile of pharmacologically inhibiting ARF6 in mice(15, 30), 

we hypothesized ARF6 inhibition may have potential as a therapeutic approach to treat AML.  

To evaluate whether the reliance of AML cells on ARF6 is associated with its role in regulating sphingolipid 

metabolism, we used high performance liquid chromatography-mass spectrometry (HPLC-MS) to 

comprehensively analyze the sphingolipid profiles of THP-1 cells after shRNA-mediated ARF6 KD. 
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Following ARF6 KD, THP-1 cells showed a profoundly altered sphingolipid abundance profile compared to 

controls transfected with non-targeting shRNA (Figure 2A). Multi-dimensional scaling revealed tight 

clustering of biological replicates with clear separation between ARF6-depleted cells and controls (Figure 

2B). Further analysis showed that sphingomyelin species were enriched within the lipids downregulated 

upon ARF6 depletion, while ceramide species were enriched within the upregulated lipids; accordingly, the 

overall sphingomyelin concentration was reduced and the overall ceramide concentration was increased, 

for an increased ceramide/sphingomyelin ratio (Figure 3A-B). The reciprocal changes of sphingomyelin and 

ceramide abundance suggested that either ARF6 depletion leads to increased sphingomyelin hydrolysis by 

sphingomyelinase or reduced ceramide-to-sphingomyelin conversion by sphingomyelin synthase (Figure 

3C). To distinguish between these two possibilities, we analyzed the expression of these enzymes in THP-

1 cells with or without ARF6 depletion. We observed a significant reduction of sphingomyelin synthase 1 

(SGMS1) and sphingomyelin synthase 2 (SGMS2), but not sphingomyelinases, upon ARF6 depletion 

(Figure 4A), suggesting the increase in ceramide/sphingomyelin ratio may be due to a reduction of 

sphingomyelin synthases. To substantiate this notion, we analyzed the expression of ARF6 and 

SGMS1/SGMS2 in the TCGA dataset of 200 AML patients(26). We found significant positive correlations 

between ARF6 (Figure 4B) and SGMS1 and ARF and SGSM2 expression (Figure 4C). In contrast, 

expression of ARF6 and sphingomyelinases were not correlated. In addition, total ceramide concentrations 

significantly increased in THP-1 and MV4-11 cells upon KD of SGMS1 or SGMS2 (Figure 4D-E).  

As ceramide has been shown to induce growth arrest and apoptosis in cancer cells(23),  including AML 

cells(22, 23), we hypothesized that increased ceramide abundance in ARF6-depleted cells may reduce 

proliferation. We initially confirmed that exogenous ceramide treatment inhibits proliferation of THP-1 and 

MV4-11 AML cells (Figure 4F). To causally implicate increased ceramide in the observed reduction of cell 

proliferation upon ARF6 KD, we used GW4869, a highly specific pharmacological inhibitor of 

sphingomyelinase(31) to block ceramide synthesis from sphingomyelin in ARF6-depleted cells (Figure 4G). 

GW4869 abrogated the inhibition of cell proliferation induced by ARF6 KD (Figure 4H). In aggregate, these 

observations implicate ARF6 in maintaining sphingolipid homeostasis, which in turn is required for 

proliferation of AML cells. 

We next turned our attention to the signaling events downstream of ARF6 in AML cells. Ceramide has been 

shown to inhibit AKT in cancer cells through the signaling pathways of PKC, PP2A, and TXNIP(23). To test 

whether the ceramide - AKT pathway is intact in AML cells, we assessed pAKT(S473) levels upon ARF6 

KD. While pAKT(S473) levels were reduced, pERK1/2 (Thr202/Tyr204) levels were not consistently 

affected by ARF6 KD (Figure 5A-B). Similar effects were seen with addition of exogenous ceramide (Figure 

5C-D). When we knocked down SGMS2, pAKT(S473) was also reduced (Figure 5E-G). These data 

suggest that the reduction of cell proliferation upon ARF6 KD is associated with accumulation of ceramide 

and inhibition of pAKT, thus highlighting an ARF6 - ceramide signaling axis.  

After uncovering that a ARF6 - SGSM1/2 regulatory axis maintains sphingolipid homeostasis in AML cells, 

we next assessed its clinical significance, using two independent AML patient cohorts, the TCGA cohort of 
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de novo AML cases (N = 200)(26) and the Münchner Leukämielabor (MLL) AML cohort (N = 579)(32). In 

both cohorts, patients were divided into high- and low-expression groups based on the median expression 

of ARF6/SGMS1/2 after log2 transformation. Lower expression of SGMS2 was associated with significantly 

longer survival in both cohorts, and lower expression of ARF6 and SGMS1 in one of the cohorts, with 

similar trends in the other (Figure 6A-B). This appears to be specific to ARF6’s biological functions, as the 

closely related ARF1 does not impact survival (Supplementary Figure 4). In the TCGA cohort, the effect of 

high ARF6 expression on overall and disease free survival was similar to that of high HOXA9 expression 

(Figure 6A-C, Supplementary Figure 4), a strong prognostic factor for poor survival in AML(33). We next 

calculated ELN 2022 genetic risk of the TCGA AML cohort based on karyotype and somatic mutations. As 

expected, ELN risk separated low, intermediate, and high-risk patients (Supplementary Figure 5). Next we 

tested whether ARF6 expression added independent prognostic information, excluding additional effects 

from the known adverse risk factor, age > 60 years. ARF6 expression above the median remained 

associated with shorter survival [HR=1.69 (1.14-2.52) for ELN high genetic risk and HR =1.30 (0.81-2.09) 

for ELN intermediate genetic risk] (Figure 7D). Taken together, these data suggest high ARF6 expression 

contributes independently to aggressive disease biology and may constitute a therapy target. 

As a proof-of-principle study of targeting ARF6 in AML, we tested small molecular inhibitors of ARF6 

against AML cell lines and primary AML CD34+ patient cells. We previously reported the discovery of a 

small molecular inhibitor of ARF6, NAV-2729, that demonstrated potent efficacy in blocking ARF6 activation 

and its molecular functions in an in vivo model of uveal melanoma, which is characterized by GNAQ-driven 

ARF6 activation(15). Recently, through chemical modification, we identified a second-generation ARF6 

inhibitor, A6-4471, that maintained biochemical specificity and showed improved efficacy in inhibiting ARF6 

activation in cell-free assays (Figure 7A). In proliferation assays of THP-1 and MV4-11 cells, A6-4471’s IC50 

was lower compared to the first-generation ARF6 inhibitor NAV-2729 (Figure 7B-C). Accordingly, treatment 

with A6-4471 induced apoptosis at a lower concentration compared to NAV-2729 (Figure 7D). In 

clonogenic assays, both NAV-2729 and A6-4471 inhibited colony formation by THP-1 cells at their 

respective biochemical IC50 concentrations (Figure 7E). In analogy to ARF6 KD, both NAV-2729 and A6-

4471 reduced p-AKT(S473) levels (Figure 7F). To confirm that the ARF6 inhibitor effects are indeed 

mediated through AKT, we ectopically expressed a constitutively active form of AKT (AKT1E17K) in THP-1 

cells(34). AKT1E17K rescued cells from the effects of ARF6 inhibitors at higher concentrations (Figure 7G). 

For additional validation, we co-expressed AKT1E17K and doxycycline-inducible shARF6 in THP-1 and OCI-

AML3 cells. AKT1E17K rescued colony formation and partially rescued proliferation upon ARF6 KD in OCI-

AML3 cells (Supplementary Figure 6) and THP1 cells (data not shown). These data demonstrate that 

pharmacologically inhibiting ARF6 induces apoptosis and suppresses proliferation in AML cells, and that 

these effects are mediated by modulation of AKT. 

To test the in vivo therapeutic efficacy of ARF6 inhibitors, we engrafted NSG mice with in THP-1 cells and 

treated animals for up to 5 weeks with NAV-2729 or A6-4471 (Figure 8A). Both NAV-2729 and A6-4471 

reduced the number of circulating AML cells without significantly altering body weight (Figure 8B-E). We 

also analyzed the effects of both inhibitors in colony formation assays of primary AML cells from 4 patients 
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and umbilical cord blood CD34+ cells from 3 donors as controls. Primary AML cells were more sensitive to 

ARF6 inhibitors than cord blood CD34+ cells (Figure 8F-G). Lastly, we assessed whether combining ARF6 

disruption may synergize with chemotherapeutics used in AML. THP-1 cells expressing ishARF6 were 

treated with graded concentrations of cytarabine, daunorubicin and venetoclax. ARF6 KD had no or 

minimal effects on the IC50 of daunorubicin and cytarabine but reduced the IC50 of venetoclax by ~6-fold 

(Supplementary Figure 7).  

DISCUSSION 

As one of the hallmarks of cancer, metabolic reprogramming can render cancer cells addicted to metabolic 

pathways that are dispensable for their normal counterparts(35). Like other malignancies, AML cells exhibit 

aberrancies in a range of metabolic pathways, including lipid metabolism(36-38). Sphingolipid turnover is 

an integral component of cellular lipid metabolism. Among sphingolipids, ceramide has received 

considerable attention due to its unique capability in triggering pro-apoptotic signaling(22, 23). FLT3-ITD 

primary AML cells and NRAS-mutant HL-60 cells were shown to downregulate ceramide to support cell 

proliferation and enhance resistance to chemotherapy(39, 40). In contrast, increased ceramide is pro-

apoptotic in myeloid leukemia cells(21, 41). Efforts to develop ceramide or ceramide mimetics as 

therapeutic agents against AML have shown promise(24). The small GTPase ARF6 is involved in several 

aspects of lipid metabolism, such as the phosphorylation and distribution of PIP2, phosphatidic acid 

metabolism, and cellular cholesterol distribution(19, 20, 42-44). ARF6 was previously shown to promote 

metastasis in several solid tumors(14-17, 25, 45). Deficiency of the ARF6 upstream regulator Smap1 

perturbs receptor trafficking and predisposes mice to myelodysplasia, supporting the notion that ARF6 

promotes AML(46). In accord with this, ARF6 KD has a strong and specific anti-proliferative effect in 

hematopoietic cancers (DepMap DEMETER2, p=1.92x10-12) and AML (DepMap DEMETER2, p=1.25x10-4), 

while normal tissues are unaffected(15, 30).  

We show that ARF6 regulates sphingolipid homeostasis in AML cells, maintaining ceramide/sphingomyelin 

balance to support AML survival and proliferation. ARF6’s function as a regulator of vesicle trafficking and 

protein content dynamics in various cell types is well characterized(9-12). In contrast, its role in regulating 

lipid metabolism is incompletely understood(10). While previous studies have implicated ARF6 as a 

physiological regulator of phosphatidylinositol and cholesterol abundance and distribution in non-

hematopoietic cells(19, 20, 42), our study is the first to implicate ARF6 in regulating sphingolipid 

metabolism in cancer.  

Several mechanisms were shown to contribute to the aberrant regulation of sphingolipid metabolism in 

AML cells. Decreased ceramide concentrations in AML cells are associated with reduced ceramide 

synthase expression(39) and/or increased acid ceramidase expression(38). Conversely, daunorubicin-

induced cell death in U937 cells is associated with increased ceramide synthase expression and increased 

ceramide(21). Another study showed that chemotherapy-resistant HL-60 cells downregulate ceramide 

through enhancing glucosylceramide synthase and sphingomyelin synthase activities(40). However, it 

remained unclear in these studies which upstream mechanisms regulate the altered ceramide metabolic 
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enzyme activities in AML. ARF6 is activated by growth factor receptors and oncogenes, resulting in 

activation of growth and survival signaling(10). We now show that ARF6 maintains the 

ceramide/sphingomyelin balance in AML cells by enhancing expression of SGMS1/2 at the transcriptional 

level. Downregulation of ARF6 reduces SGMS1/2, resulting in ceramide accumulation and consequently a 

reduction in AML proliferation. Hence, ARF6 functions as a critical upstream regulator of sphingolipid 

metabolism and cell proliferation in AML, connecting oncogene signaling to sphingolipid metabolism. More 

experimentation will be needed to determine how ARF6 regulates SGMS1/2 transcription. In addition to the 

mechanism shown in this study, there may be other critical functions of ARF6 that support proliferation or 

survival of AML cells, such as its regulation of vesicular trafficking.  

Ceramide causes apoptosis or senescence by deactivating AKT through its upstream negative regulators, 

PKCξ and PP2A(23), or by ceramide-induced mitochondrial stress(23). In AML cells, ceramide 

accumulation has been shown to cause lethal mitophagy, and thus a ceramide analog was proposed as a 

potential therapeutic agent for AML(39). In agreement with the first mechanism, our data suggest that 

ARF6 inhibition reduces AML growth by decreasing pAKT, similar to cutaneous melanoma(18). However, 

given the limited clinical activity of AKT inhibitors in AML, it is likely that other mechanisms contribute to the 

effects. For instance, mitophagy caused by ARF6 inhibition may enhance growth inhibition and apoptosis, 

especially as autophagy and AKT-mTOR pathway are intertwined(47). Regarding signaling downstream of 

ceramide, a prior report suggested that ceramide contributes to iron-dependent cell death (ferroptosis) in 

AML(48). More work will be required to understand whether this mechanism is ARF6-dependent in AML.  

Inhibiting ARF6 has been proposed as a potential therapeutic strategy for several solid tumors, owing to its 

role in promoting cancer cell survival and metastasis(14-17, 25, 45). Like other small GTPases, ARF6 

presents a challenging drug target. We have previously identified a first-generation ARF6 inhibitor, NAV-

2729, and demonstrated that NAV-2729 blocks oncogenic Gαq signaling in uveal melanoma in a xenograft 

mouse model(15). Based on these encouraging data we have continued the development of ARF6 

inhibitors, leading to the identification of the more potent second-generation ARF6 inhibitor A6-4471. In the 

present study, we show that NAV-2729 and A6-4471 are active against AML cell lines, primary AML cells 

and mouse AML xenografts. However, the therapeutic windows of these inhibitors are relatively small. As 

such both NAV-2729 and A6-4471 should be regarded as tool compounds for inhibiting ARF6 in proof-of-

principle experiments that validate the genetic disruption data. Follow-up compounds with further improved 

potency and preserved selectivity are under development.  

Analysis of the TCGA and the MLL cohorts provided evidence that activation of the ARF6/SGMS1/2 axis 

confers a poor prognosis, suggesting that ARF6 has an important role in AML biology. Although there was 

a trend toward greater ARF6 dependency in AML cell lines with wild type TP53 for RNAi perturbation in 

DepMap  (7/15 lines with DEMETER scores > 0 but only 1/7 with DEMETER scores < 0 were wild type, p = 

0.0827, χ2), high ARF6 expression remained a poor prognostic factor after correction for ELN genetic risk, 

suggesting that ARF6 impacts AML biology in a mostly genotype-agnostic manner, in accord with other 

metabolic vulnerabilities such as SIRT5(49). However, as our study does not fully reflect the genetic 
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heterogeneity of AML, it remains possible that correlations between ARF6 expression and dependency or 

between genotype and ARF6 dependency would become apparent upon interrogation of a larger panel of 

cell lines and/or primary cells.  

In summary, we demonstrate that the small GTPase ARF6 regulates sphingolipid homeostasis in AML. 

Given the universal expression of ARF6 protein in eukaryotic cells(10), the unique ARF6 addiction of AML 

cells is unexpected, but implicates ARF6 as a potential therapeutic target in AML.  
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 FIGURE LEGENDS 

Figure 1. ARF6 depletion suppresses AML proliferation. (A) Colony formation of THP-1 cells with or 

without ARF6 KD (non-inducible). (B-C) Colony formation by OCI-AML3 and OCI-AML5 AML cells upon 

inducible ARF6 KD. (D) Colony formation of patient-derived primary AML cells with or without Dox-induced 

ARF6 KD. Somatic mutations detected by clinical next-generation sequencing (NGS) are listed under each 

patient sample ID. 

Figure 2. ARF6 maintains sphingolipid homeostasis in AML cells. (A) Clustered heat map of 

sphingolipid species abundance in THP-1 cells expressing non-targeting shRNA (NT-shRNA) and ARF6-

shRNA. Four biological replicates of each group were analyzed by HPLC-MS. Lipid abundance was 

quantified by area under the curve (AUC) of the MS detection signals. Data were normalized to the overall 

sphingolipid content of the cells. Species and samples were clustered based on similarities. Ctl: NT-shRNA 

control. KD: ARF6-shRNA KD. (B) Multi-dimensional scaling plot of HPLC-MS data. Oval contours indicate 

grouping outcome.  

Figure 3. ARF6 Depletion disrupts the Ceramide/Sphingomyelin Balance in AML Cells. (A-B) 

Enrichment analysis of HPLC-MS data for sphingomyelin and ceramide species and quantitation of overall 

sphingomyelin and ceramide normalized to total sphingolipid content. ES: enrichment score. (C) Schematic 

depicting relationships among sphingomyelin, ceramide, and ceramide metabolites. 

Figure 4. ARF6-SGMS1/2 axis supports AML cell proliferation by maintaining ceramide homeostasis. 

(A) qRT-PCR analysis of the mRNA of sphingomyelin synthases and sphingomyelinases. (B-C) Positive 

linear correlation between the expression of ARF6 and SGMS1/2 in the myeloid cells of adult de novo AML 

patients (TCGA-NEJM-2013 cohort). (D-E) KD of SGMS1/2 increased total cellular ceramide level as 

detected by flow cytometry, in THP-1 and MV4-11 cells. (F) AML cell proliferation in the presence of 

increasing concentrations of exogenous ceramide. (G) Sphingomyelinases inhibitor GW4869 reduced the 

accumulation of ceramide in ARF6 KD cells. (H) The rescuing effect of sphingomyelinase inhibitor GW4869 

(blocks ceramide generation from sphingomyelin) on the ARF6-KD-induced reduction of proliferation. 
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Figure 5. Perturbing ARF6 and its downstream effector inhibits pro-survival AKT activation. (A-B) 

Immunoblot analysis for p-AKT (S473) and pERK1/2 (Thr202/Tyr204) following ARF6 KD in AML cell lines. 

(C-D) Immunoblot analysis of p-AKT (S473) following ceramide treatment (50 µM) on AKT activation in 

AML cells. (E-G) Downstream of ARF6, SGMS2 KD inhibits AKT activation, as analyzed by immunoblot. 

Figure 6. Lower ARF6 or SGMS1/2 expression in myeloid cells correlates with better survival in AML 

patients. (A) Kaplan–Meier survival curves of TCGA-NEJM-2013 adult de novo AML patients with higher 

(above median, red lines) and lower (below median, blue lines) expression of indicated genes. (B) Kaplan–

Meier survival curves of Münchner Leukämielabor (MLL) AML cohort. (C) Ranking of genes according to 

their prognostic power for prediction of overall and disease-free survival in the TCGA AML cohort. Only 

genes with detectable mRNA expression were included in analysis. Y-axis indicates the differences of 

median survival time between lower gene expression and higher gene expression patients. (D) Multivariate 

analysis of survival in the TCGA cohort, including ELN risk, ARF6 and HOXB9 expression.  

Figure 7. ARF6 can be targeted by small molecule inhibitors to suppress acute myeloid leukemia 

cell proliferation. (A) Chemical structure and specificity information of the 1st and 2nd generation ARF6 

inhibitors, NAV-2729 and A6-4471. IC50 values were determined in cell-free biochemical analysis. (B) 

Immunoblot analysis of ARF6 activation (ARF6-GTP) with or without treatment of ARF6 inhibitors at their 

respective IC50s in cell culture: 10 µM for NAV-2729, 6 µM for A6-4471. (C) Dose responses of AML cell 

proliferation to NAV-2729 and A6-4471. (D) THP-1 cell apoptotic response to different concentrations of 

NAV-2729 and A6-4471. Apoptosis was detected with Annexin V + PI staining. (E) The inhibitory effect of 

ARF6 inhibitors on THP-1 cell colony formation. (F) Relative p-AKT level was detected by immunoblot THP-

1 cells after treatment by ARF6 inhibitor or vehicle. (G) Ectopic expression of the constitutively active 

AKT1E17K rescued ARF6 inhibitor induced cell death at higher concentrations. 

Figure 8. Efficacy and specificity of ARF6 inhibitors in an AML xenograft mouse model and in 

primary cell ex vivo cultures. (A) Schematic illustration of experimental design. (B and D) Flow cytometry 

analysis of circulating AML cells in xenografted NSG mice. AML cells were identified as human CD45 

positive and murine CD45 negative cells. (C and E) Body weight changes of experimental mice during the 

ARF6 inhibitor injections. (F) Colony formation of cord blood CD34+ hematopoietic stem cells from healthy 

donors in response to ARF6 inhibitor A6-4471. (G) Colony formation of patient-derived AML CD34+ cells in 

the presence of ARF6 inhibitors A6-4471.  
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Supplementary Table 1. Patient characteristics of the AML 
samples used in this study. 

Patient 
Sample ID Diagnosis NGS detected 

mutations Karyotype

16-373 Secondary AML JAK2, DNMT3A Showed 3q-, 5q-, -17, and -9.

17-268 Secondary AML JAK2, RUNX1, SRSF2,
NRAS, TET2 N.A.

18-367 AML FLT3ITD, NPM1, 
IDH2 46,XX [20]

19-002 Secondary AML N.A.

45,XY,add(5)(q11.2),-18[2] / 44-47,sl, 
add(4)(q11.2),-7,del(7)(q22q36), 

der(9;12)(p10q10),-21,?add(21)(p11.2), -
22, +1, -4[cp18]

19-007 AML ASXL1, CBL, SETBP1 N.A.

19-032 AML NPM1, DNMT3A, 
FLT3, TET2 46,XY[17]



Cell Line 
Name

FAB 
subtype Detected mutations Primary Disease

RNAi effect 
score 

(DEMETER2)

ARF6
expression 

(normalized)

OCIAML5 M4 Acute Myeloid Leukemia -0.54016 4.856986
OCIAML2 M4 Acute Myeloid Leukemia -0.39919 5.356848
OCIAML3 M4 Acute Myeloid Leukemia -0.3305 5.960465
PLB985 M2 Acute Myeloid Leukemia -0.25373 4.786596

MONOMAC1 M5 Acute Myeloid Leukemia -0.23972 5.530445
MONOMAC6 ? Acute Myeloid Leukemia -0.23171 6.549823

U937 ? Acute Myeloid Leukemia -0.20767 5.111449
MOLM16 M0 Acute Myeloid Leukemia -0.19249 5.44427

HNT34 M4 Acute Myeloid Leukemia -0.18255 5.929554
THP1 M5 Acute Myeloid Leukemia -0.17631 5.623223

KASUMI1 M2 Acute Myeloid Leukemia -0.1299 4.907852
MOLM13 M5 Acute Myeloid Leukemia -0.0754 5.370862

HEL M6 Acute Myeloid Leukemia -0.03426 4.702658
HEL9217 M6 Acute Myeloid Leukemia -0.01839 5.235344

NB4 M3 Acute Myeloid Leukemia -0.00028 5.040892
MV411 M5 Acute Myeloid Leukemia 0.017394 5.562548
AML193 M5 Acute Myeloid Leukemia 0.020862 5.582556
SKNO1 M2 Acute Myeloid Leukemia 0.027471 4.918386

CMK115 M7 Acute Myeloid Leukemia 0.091515 4.659925
HL60 M2 Acute Myeloid Leukemia 0.151371 4.947666

NOMO1 M5 Acute Myeloid Leukemia 0.152779 5.683416
CMK M7 Acute Myeloid Leukemia 0.437513 4.741467

Supplementary Table 2. Cell line information and DepMap
DEMETERS scores of ARF6 perturbation effect.

N egative  effect score indicates 



Supplementary Figure Legends 
Supplementary Figure 1. (A, B) Immunoblot images showing the reduction of ARF6 
protein after shRNA mediated knockdown or CRISPR mediated silencing. In iCRISPR 
single clone panels, every two adjacent lanes represent a single-cell clone derived from 
lentivirally infected cell lines, without (-) or with (+) 100 ng/mL doxycycline treatment for 5 
days. Asterisks indicate the single cell clones selected for MTS proliferation assays. Note: 
the guide RNA expression was induced by doxycycline in each clone, here there is 
variation and incomplete knockdown. (C) Effect of inducible shRNAs and CRISPR/gRNAs 
on the proliferation of THP-1 and MV4-11 cells. Changes in cell proliferation were 
measured by MTT assay and shown as increase in doubling time. Expression of shRNA 
and CRISPR/gRNA was induced by addition of 100 ng/mL doxycycline. (D) Two primary 
AML samples were grown in semisolid media with and without 100 ng/mL doxycycline.  
Supplementary Figure 2. Enlarged version of the clustered heat map shown in Figure 
2A, displaying the full list of sphingolipid species. 
Supplementary Figure 3. ARF6 dependency analysis using DepMap. Upper panel: 
RNAi screen result summary. Lower panel: CRISPR screen result summary. Dotted blue 
lines represent a lack of effect upon gene depletion. Negative gene effect scores indicate 
cell lines’ dependency on that gene. Red solid lines represent the threshold for pan-
cancer dependency of a gene. 
Supplementary Figure 4. Univariate analysis of TCGA AML cohort survival, stratified by 
ARF1 and HOXA9 expression. 
Supplementary Figure 5. (A) Multi-variate analysis of TCGA cohort survival according 
to ELN risk. (B) ARF6 expression according to ELN risk in the TCGA dataset. 
Supplementary Figure 6. Rescue of ARF6 Knockdown by Constitutively Active 
AKT1E17K. (A) Left: Colony formation assay showing the number of colonies generated by 
OCI-AML3 cells ectopically expressing the constitutively active AKT1E17K mutant. Cells 
were treated with or without 100 ng/mL Dox for ARF6 knockdown induction. Right: 
Representative images of colonies. (B) Bar graph showing the percentage of cell viability 
inhibition, normalized to the respective controls. 20,000 OCI-AML3 cells expressing 
inducible shARF6, with or without the AKT1E17K mutation, were treated with or without Dox 
for ARF6 knockdown induction over 120 hours. Fold change (FC) represents the 
comparison between shARF6 +/- Dox and shARF6-AKT1E17K +/- Dox conditions. **p < 
0.01. 
Supplementary Figure 7. Combined Effect of ARF6 Knockdown and AML 
Chemotherapeutic Treatments. (A) Top panel: Western blot analysis showing ARF6 
expression in THP1 cells treated with 100 ng/mL Dox for 5 days. Bottom panel: 
Quantification of ARF6 expression normalized to total protein, with and without Dox 
treatment. (B) Sigmoidal curve of the MTS assay displaying the percentage of cell viability 
inhibition, normalized to vehicle-treated controls. 20,000 THP1 cells expressing inducible 
shARF6 were treated with gradient concentrations of cytarabine, venetoclax, or 
daunorubicin, with or without Dox, for 120 hours. (C) Bar graph representing the average 



IC₅₀ values from three independent MTS cell viability experiments for the three 
chemotherapeutic drugs tested (N=3, mean±SD).  



SUPPLEMENTAL METHODS AND MATERIALS 

Cell culture 
All cell lines used in this study were maintained in RPMI 1640 medium supplemented with 10% fetal bovine 
serum and 100 U/mL penicillin and streptomycin. For cells stably transfected with lentiviruses carrying a 
puromycin-resistance gene, the culture medium was supplemented with 0.5 to 2 µg/mL puromycin for continuous 
selection of transgene-positive cells. For drug treatment of the cells, NAV-2729 (Navigen), A6-4471 (Navigen), 
or GW4869 (Sigma-Aldrich) dissolved in DMSO were added to cell suspension at indicated concentrations, with 
equal concentrations of DMSO as control. For ceramide treatment, C22 Ceramide (d18:1/22:0) (Avanti Polar 
Lipids) dissolved in DMSO was resuspended in culture medium, with an equal concentration of DMSO as control. 

Cell proliferation and colony formation assays 
Cell proliferation assay was performed using CyQUANT (Invitrogen) reagent according to the manufacturer’s 
instructions. 5,000 AML cells were plated into each well of a 96-well plate with culture medium and indicated 
treatments. Triplicate wells were assayed for each condition. Cells were incubated for proliferation for 3 days. At 
the end of each assay, DNA-labelling fluorescent dye was added into each well of cells and detected at 
excitation/emission wavelength of 485/530 nm with a fluorescent plate reader. 
For AML colony formation assay, low-density singular cell suspensions and indicated treatments were added to 
Human Methylcellulose Base Media (R&D Systems) to a final concentration of 1.27% methylcellulose. Semi-
solid cell suspension was injected into 6-well plates to form uniform flat gel layers. Plates were placed in 
humidified chamber for 12 days to allow singular cells to form colonies. For cord blood CD34+ cell colony 
formation assay, CD34+ cells isolated from cord blood of two separate donors were suspended in MethoCult™ 
H4230 (StemCell Technologies) supplemented with cytokine mix CC100 (StemCell Technologies) in duplicates 
respectively. Indicated concentrations of NAV-2729, A6-4471, or DMSO control were added to the suspensions 
before they were plated in 35 mm dishes. Granulocyte-macrophage colonies were counted under an inverted 
microscope after 10 days. The size of colonies was quantified with ImageJ using microscopic images of the 
cultures. 

Drug sensitivity assays 
For drug sensitivity assays, 20,000 THP1-shARF6 cells per well were seeded in 96-well plates and treated with 
gradient concentrations of cytarabine, venetoclax, or daunorubicin, in the presence or absence of 100 ng/mL 
Dox, for 120 hours. Cell viability was assessed using the MTS assay, and results were normalized to vehicle-
treated controls. A sigmoidal dose-response curve was generated to determine the percentage of cell viability 
inhibition. To compare drug sensitivity, IC₅₀ values were calculated from three independent experiments (N=3, 
mean±SD) and analyzed for statistical significance. 

shRNA-mediated gene KD and CRISPR-mediated gene silencing 
shRNA constructs and inducible CRISPR-cas9 (iCRISPR) constructs were packaged and delivered into cells as 
lentiviruses. Lentiviral packaging was done by co-transfecting viral backbone plasmids, psPAX2 packaging 
plasmid, and VSV-G plasmid into HEK293 cells. Non-inducible shRNAs were inserted in pLKO.1-puro-shRNA 
plasmid (Sigma-Aldrich), and inducible shRNAs were inserted in pRSIT17-U6Tet-CMV-TetRep-2A-TagGFP2-
2A-Puro plasmid. ARF6 shRNAs contain the hairpin sequence of “CCGGGCTCAC-ATGGTTAACC-
TCTAACTCGA-GTTAGAGGTT-AACCATGTGA-GCTTTTTG”. The control lentivirus expresses a non-targeting 
(NT)-shRNA (SHC002V). shRNA target sequences are: shARF6-005, GCTCACATGGTTAACCTCTAA (CDS); 
shARF6-068, CAACAATCCTGTACAAGTTGA (CDS); shARF6-069, CTTGCTGTAGATGGCTTATTT (3’UTR). 
Dox-inducible guide RNAs were inserted in CRISPR-cas9 plasmid with the following targets: CRISPR-gRNA-B, 
CATTACTACACTGGGACCCA; CRISPR-gRNA-D, GGCCCAGCTTCAACTTGTAC; CRISPR-gRNA-E, 
TGCACCGCATTATCAATGAC. For transfection, AML cell lines were infected with 0.1 MOI lentiviruses. 48 hours 
later, puromycin was added to the culture medium to select for positive clones. For iCRISPR cell lines, single-
cell clones of positively transfected cell lines were generated from serial dilution and plating under puromycin 
selection. Each single-cell clone of iCRISPR was treated with Dox (100 ng/mL) for 5 days to test the efficiency 
of KO after Dox induced guide RNA expression by immunoblotting. KD was verified by immunoblotting, and cell 
lines were maintained in puromycin-containing medium.  OCI-AML3 and THP1 cell lines constitutively expressing 
an inducible shRNA targeting ARF6 were transduced with a lentiviral vector containing the pRCDCMUR-CMV-
AKTE17K-UbiC-TagRFP construct. This vector encodes the AKT cDNA sequence harboring the E17K mutation 
under the control of a CMV promoter and co-expresses TagRFP under a ubiquitin C (UbiC) promoter. Lentiviral 



transduction was performed in standard culture conditions, and 72 hours post-transduction, double-positive 
RFP⁺ (AKTE17K mutants)/GFP⁺ (shARF6-expressing) cells were isolated by fluorescence-activated cell sorting. 
The sorted populations were subsequently expanded in culture, and downstream experiments were conducted 
one week after sorting recovery to ensure adequate cell viability and expression stability. 

Lipid analysis by HPLC-MS 
Lipid extraction 
Frozen cell pellets were resuspended in 400 µL ice-cold CHCl3/MeOH (1:1) then homogenized. 500 pmol of 
internal standard (C17 Ceramide (d18:1/17:0) N-heptadecanoyl-D-erythro-sphingosine, Avanti Lipids) were 
added. After centrifuging at 15,000xg for 5 min at 4 °C, the supernatants were added to 30 µL of 1 M KOH in 
MeOH and then incubated for 4 hours at 50 °C. The samples were dried down by ~1 mL in speedvac, then 25 
µL glacial acetic acid was added, followed by 300 µL chloroform and 600 µL dd-H2O. Samples were centrifuged 
at 15,000xg for 2 min at 4 °C. The lower phase was transferred and dried in speedvac. Lipid samples were 
reconstituted in 100 µL ACN:H2O:IPA (1:1:2) + 0.1% formic acid and transferred to an LC/MS vial with insert for 
analysis. A pooled quality control (QC) sample was prepared by taking 10 µL aliquots from each sample. 
Concurrently a process blank sample is prepared. 

HPLC-MS analysis 
Lipid extracts were separated on an Acquity UPLC CSH C18 1.7 µm 2.1 x 100 mm column maintained at 60 °C 
connected to an Agilent HiP 1290 Sampler, Agilent 1290 Infinity pump, equipped with an Agilent 1290 Flex Cube 
and Agilent 6520 Accurate Mass Q-TOF dual ESI mass spectrometer. The source gas temperature was set to 
350 °C, with a gas flow of 11.1 (L/min) and a nebulizer pressure of 24 psig. VCap voltage was set at 3000 V, 
fragmentor at 80 V, skimmer at 65 V and Octopole RF peak at 750 V. Reference masses in positive mode (m/z 
121.0509 and 922.0098) were infused with nebulizer pressure at 2 psig. Samples were acquired with the scan 
range between m/z 100 ~ 1700. Mobile phase A consisted of ACN:water (60:40 v/v) in 10 mM ammonium formate 
and 0.1% formic acid, and mobile phase B consisted of IPA:water (90:10 v/v) in 10 mM ammonium formate and 
0.1% formic acid. The chromatography gradient started at 15% mobile phase B then increased to 30% B over 4 
min, 52% B from 4-5 min, 82% B from 5-22 min, 95% B from 22-23 min, 99% B from 23-27 min. From 27-38 min 
it was held at 99%B, then decreased to 15% B from 38-38.2 min and was held there from 38.2-44 min. Flow was 
0.3 mL/min throughout. Injection volume was 5 µL. Tandem mass spectrometry was conducted using the same 
LC gradient and at collision energies of 10 V, 20 V and 40 V. 

Data analysis 
Results from HPLC-MS experiments were collected using Agilent Mass Hunter Workstation and analyzed using 
the software packages, Mass Hunter Qual and Mass Hunter Quant. Separately, molecular ions were also 
evaluated using METLIN (Scripps) and LipidMaps on-line metabolite databases. Only lipids with relative standard 
deviation (RSD) less than 30% in QC samples were used for data analysis. Additionally, compounds identified 
in blanks or double blanks (AUC target blank > 50% of AUC target QC) were removed from analysis. 
Sphingolipids were quantitated based on peak area ratios to the standard added to the extracts. Enrichment 
analysis was performed as previous described(63). Multidimensional scaling and grouping were performed using 
the MetaboAnalyst(64) engine. 

RNA extraction and qRT-PCR 
Total RNA was extracted from cells using TRIzol reagent (Life Technologies) and purified with Direct-zol RNA 
miniprep kit (Zymo research). Extracted RNA was reverse transcribed into cDNA using a High Capacity cDNA 
Reverse Transcription Kit (Life Technologies). Quantitative real-time PCR (qRT-PCR) was then performed on 
Applied Biosystems 7900HT Fast Real-Time PCR System using Power SYBR Green Master Mix (Life 
Technologies). Data analysis was performed using the standard “ΔΔCt method”, with GAPDH as the 
housekeeping control. 

Flow cytometry 
Apoptosis analysis was performed using a commercial staining kit (BioLegend). AML cells treated with indicated 
drugs were harvested and washed with cold Cell Staining Buffer. Cells were stained with FITC Annexin V and 
Propidium Iodide in Annexin V Binding Buffer at a concentration of 0.25-1.0 x 107 cells / mL for 15 min at room 
temperature (25°C) in the dark. For analyzing ceramide content in live cells, a monoclonal anti-ceramide antibody 
(mouse, clone MID 15B4, Millipore-Sigma) was used to stain the cells, followed by PE-conjugated secondary 



antibody labelling and cytometer analysis. For analyzing AML cells in xenografted mouse circulation, mice were 
bled from the tail vein and blood was collected in PBS containing 1% EDTA. PE-conjugated anti-human CD45 
and APC-conjugated anti-mouse CD45 antibodies (BioLegend) were added to the blood samples and staining 
for 1 hour in dark. Red blood cells were then lysed by adding 20 x volume of ACK lysis buffer. Cells were washed 
once with 1 mL PBS and then analyzed. All samples were analyzed immediately after staining with a FACS 
Canto flow cytometer using standard machine settings. 

Mouse xenograft studies Adult NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG, The Jackson Laboratory, Bar Harbor, 
ME) mice were myelodepleted by 9 Gy whole-body irradiation with an RS 2000 X-ray irradiator (Rad Source, 
Suwanee, GA) or by intraperitoneal injection of 20 mg/kg busulfan(65). Myelodepleted mice were injected via tail 
vein with 106 THP-1 human AML cell line. Starting from week 2 post-xenograft, mice were monitored and bled 
weekly to determine circulating human AML cell percentage in the total white blood cells. All animal studies were 
performed under an approved protocol by the University of Utah Institutional Animal Care and Use Committee. 


