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Abstract

Activating mutations in the small GTPase NRAS are responsible for driving tumor growth in 

several cancers. Unfortunately, the development of NRAS inhibitors has proven difficult due to the 

lack of hydrophobic binding pockets on the protein’s surface. To overcome this limitation, we 

chose to target the posttranslational S-palmitoyl modification of NRAS, which is required for its 

signaling activity. Utilizing an amphiphile-mediated depalmitoylation (AMD) strategy, we 

demonstrate the ability to directly cleave S-palmitoyl groups from NRAS and inhibit its function. 

C8 alkyl cysteine causes a dose-dependent decrease in NRAS palmitoylation and inhibits 

downstream signaling in melanoma cells with an activating mutation in NRAS. This compound 

reduces cell growth in NRAS-driven versus non-NRAS-driven melanoma lines and inhibits tumor 

progression in an NRAS-mutated melanoma xenograft mouse model. Our work demonstrates that 

AMD can effectively suppress NRAS activity and could represent a promising new avenue for 

discovering lead compounds for treatment of NRAS-driven cancers.
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INTRODUCTION

Ras proteins are small GTPases that regulate many cellular events including proliferation1, 

differentiation2, adhesion3, apoptosis4, and migration5. There are four known isoforms of the 

Ras family of proteins – NRAS, HRAS, KRAS4a, and KRAS4b – that are mutated in 

numerous diseases ranging from neurodevelopmental disorders to various cancers6. 

Activating mutations in the RAS oncogenes are found in approximately one third of all 

cancers6, making it the most frequently mutated gene family in human cancer.

Ras proteins are very difficult to target and have even been deemed “undruggable”7. Small-

molecule inhibitors that directly bind to Ras proteins with high affinity are extremely 

challenging to develop due to the lack of deep binding pockets on their surfaces6, though 

recent breakthroughs have been made for the G12C mutant through use of covalent 

inhibitors8,9. Because of this complexity, current treatments and therapeutic approaches for 

targeting Ras-related diseases rely on targeting upstream proteins and downstream effectors. 

However, these approaches often come with significant challenges such as feedback loop 

activation or acquired resistance10.

Membrane anchoring post-translational modifications (PTMs) on Ras occur at the C-

terminal hypervariable region (HVR)11. These PTMs are involved in regulation of cell 

signaling pathways as well as membrane localization, cellular trafficking, and activation of 

Ras proteins6,12,13. Membrane localization of Ras proteins is necessary for their downstream 

signaling events to occur6. The membrane localization of NRAS, HRAS, and KRAS4a is 

regulated by prenylation and palmitoylation at the CAAX terminus, which creates a 

hydrophobic lipid domain on the C-terminal cysteine6. On the other hand, KRAS4b is not 

palmitoylated but rather contains a polybasic region in its HVR allowing for its passive 

diffusion to the plasma membrane6,12,13. NRAS and HRAS are palmitoylated by the 

palmitoyl acyltransferase (PAT) enzyme DHHC9-GPC16 complex and depalmitoylated by 

acyl-protein thioesterases, which allow for their release from the plasma membrane and 

diffusion back to the Golgi14,15.

A potential therapeutic strategy to target oncogenic Ras isoforms in cancers would be to 

prevent membrane association by direct targeting of lipid PTMs, such as prenylation or 
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palmitoylation. The first small-molecule inhibitors developed to target PTMs of Ras proteins 

were farnesyltransferase inhibitors (FTIs), which directly blocked the farnesyl transferase 

enzyme by competitively binding to the CAAX binding site16. These FTIs inhibited HRAS 

farnesylation and membrane localization in cells, which decreased cell growth in various 

human cancer cell lines6. However, although FTIs seem to have promising effects on certain 

HRAS mutant cancers in recent clinical trials, they failed to work for all of the Ras 

isoforms17,18. This result was explained by the fact that NRAS, KRAS4a, and KRAS4b 

were found to undergo geranylgeranylation as an alternative prenylation modification when 

farnesylation was blocked by FTIs6,12.

Due to the ineffectiveness of FTIs for NRAS, a good alternative approach would be to target 

palmitoylation, since there are no known compensatory mechanisms for lipidating S-

palmitoylation sites if PATs are blocked. Currently, there are no selective inhibitors for 

palmitoylation because of the difficulty to target only one of the 23 PAT enzymes and their 

overlapping substrate specificity15,16,19. However, the irreversible inhibitor 2-

bromopalmitate (2-BP) has been used as a pharmacological tool to study protein 

palmitoylation for many years11,19. Because 2-BP is a promiscuous electrophile, it targets 

multiple enzymes involved in lipid metabolism as well as many other proteins and non-CoA-

dependent enzymes, which limits its potential as a therapeutic candidate for 

depalmitoylation due to off-target side effects and associated toxicity issues20. Thus, it 

would be beneficial to take an alternative approach to traditional enzymatic inhibitors and 

use a chemoselective chemical agent to directly target palmitoylation of NRAS as a means 

to suppress its signaling capabilities that are responsible for tumor progression. Recently, 

our group has developed an amphiphile-mediated depalmitoylation (AMD) strategy using a 

compound, termed C8 alkyl cysteine (1), to cleave S-palmitoyl groups from endogenous 

membrane-associated proteins21. We sought to apply the AMD approach to depalmitoylate 

NRAS and inhibit its function in the context of an NRAS-driven cancer.

Here we demonstrate that C8 alkyl cysteine (1) is able to depalmitoylate NRAS in NRAS-

mutated melanoma, leading to significant phenotypic effects in vitro and in vivo. In turn, 

depalmitoylation of NRAS decreased phosphorylation of downstream proteins such as AKT 

and ERK in NRAS-mutated melanoma cells. Fluorescence microscopy studies showed that 

treatment with the depalmitoylating agent caused delocalization of NRAS from the plasma 

membrane. We also determined that as concentrations of 1 increased, the cell viability of 

NRAS-mutated melanoma cell lines decreased, while the cell viability of a BRAF-mutated 

melanoma cell line was unaffected until much higher concentrations. Cell death was 

partially rescued by addition of an NRAS mutant bearing a non-palmitoylated membrane 

binding tail derived from KRAS4b, which is not dependent on palmitoylation for plasma 

membrane localization. In an NRAS-mutated melanoma xenograft mouse model, treatment 

with 1 caused a decrease in p-ERK, increase in apoptosis, and decrease in tumor growth. 

These results suggest that directly depalmitoylating NRAS with 1 can inhibit its downstream 

signaling pathways involved in NRAS-driven cancers.
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RESULTS AND DISCUSSION

Depalmitoylation of NRAS in NRAS-Driven Melanoma

Based on our group’s initial findings that C8 alkyl cysteine (1) is able to depalmitoylate 

membrane-associated proteins in cells21, we sought to determine if this compound would 

have similar effects on the palmitoylation state of mutant NRAS. For these initial tests, we 

used the WM3000 human melanoma cell line, which has an activating Q61R mutation in 

NRAS22,23. We found that 2 hour incubation with increasing concentrations of 1 (Figure 1a) 

resulted in a dose-dependent decrease in the levels of NRAS(Q61R) palmitoylation in cells, 

with an IC50 of 7 μM, as determined by acyl-resin assisted capture (acyl-RAC)24,25 (Figure 

1b,c and Supplementary Figure 1a). Controls were performed in which WM3000 cells were 

treated with vehicle or C8 alkyl serine (2), a structurally similar molecule which is not 

capable of S-palmitoyl thioester cleavage because it lacks a nucleophilic thiol (Figure 1a)21. 

As expected, there was no observable thioester cleavage under these conditions, indicating 

that the observed reduction in NRAS palmitoylation is due to direct cleavage of the NRAS 

S-palmitoyl group by 1 and not a non-specific effect of 1 (Figure 1d,e). As a positive 

control, cells treated with the non-specific, irreversible palmitoylation inhibitor 2-BP11,19,20 

also caused a decrease in NRAS palmitoylation (Figure 1d,e). However, total protein 

palmitoylation is significantly decreased when treated with 2-BP compared to 1 as observed 

by silver staining (Supplementary Figure 1b), which suggests that there is less off-target 

depalmitoylation with 1. Additionally, a small panel of known S-palmitoylated proteins were 

studied after treatment with 1, 2, or 2-BP to determine if there were significant decreases in 

protein palmitoylation levels.21 Compound 1 showed a preference for NRAS over other 

tested palmitoylated proteins in this panel. On the other hand, compound 2 did not have 

observable effects on the palmitoylation of the various proteins, while 2-BP non-selectively 

caused an overall decrease in protein palmitoylation (Supplementary Figure 2a,b). With this 

information, we confirmed biochemically that compound 1 is able to depalmitoylate NRAS 

in NRAS-mutated melanoma cells through direct nucleophilic cleavage of the S-palmitoyl 

thioester.

Delocalization of NRAS from the Plasma Membrane

To understand the biological effects of compound 1 on NRAS after depalmitoylation, we 

investigated the change in subcellular localization that occurred after treatment using 

fluorescence microscopy. Previous studies have shown that S-palmitoylation is required for 

NRAS anchorage to the plasma membrane26,27. Due to their ease of transfection and clear 

localization of RAS to the plasma membrane, we chose to use HeLa S3 cells as a model to 

visualize changes in NRAS localization. HeLa S3 cells stably expressing enhanced green 

fluorescent protein (EGFP)-tagged NRAS were treated with 20 μM of 1. We observed the 

delocalization of EGFP-NRAS from the plasma membrane within 30 minutes of treatment 

with 1 (Figure 2a,b and Supplementary Video 1), whereas there was no change in 

localization after treatment with the control 2 (Figure 2c,d). We also treated cells with 20 

μM of 2-BP, which was expected to non-specifically inhibit palmitoylation. Although the 

results showed a partial delocalization of the EGFP-NRAS from the plasma membrane, 

there was no observation of an increase in localization at the Golgi28 (Figure 2e,f). This 

result may be attributed to the fact that 2-BP irreversibly inhibits palmitoylation and targets 
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multiple other metabolic enzymes20. Additionally, 2-BP would not remove already 

palmitoylated NRAS from the plasma membrane, but rather it would only inhibit NRAS 

from being palmitoylated at the Golgi. This highlights the difference between direct 

depalmitoylation using 1 and inhibition of palmitoylation using 2-BP. The localization 

experiments confirmed that 1 causes NRAS to delocalize from the plasma membrane after 

depalmitoylation.

Inhibition of RAS Signaling in NRAS-Mutated Melanoma

Since there was an observable decrease in NRAS palmitoylation and a delocalization of 

NRAS from the plasma membrane after treatment with 1, we wanted to study the changes 

that occur in downstream RAS signaling. It is well known that NRAS activation occurs at 

the plasma membrane29. Therefore, it would be expected that NRAS would no longer be 

able to interact with its downstream effector proteins if it was not at the membrane. We 

treated both NRAS-driven and non-NRAS-driven melanoma cell lines with 1 as well as 

different controls to assess the differences in phosphorylated-AKT and phosphorylated-

ERK. The phosphorylation of both of these proteins leads to activation of the oncogenic 

signaling pathways related to cancer cell growth and survival30. In the NRAS-driven 

melanoma cells, there was a dose-dependent decrease in p-AKT and p-ERK after 2-hour 

treatment with 1, (Supplementary Figure 3a,b). Single dose studies showed a significant 

decrease in p-AKT after 2-hour treatment with 10 μM of 1 compared to that of the untreated 

control, vehicle control, and compound 2 (Figure 3a,b and Supplementary Figure 4a,c). A 

decrease in p-ERK after treatment with 1 was also observed. (Figure 3a,c and 

Supplementary Figure 4e).

Next, we treated the Sk-Mel-28 BRAF-driven melanoma cell line with the same six 

treatment conditions to determine if the effects on downstream phosphorylation were 

dependent on NRAS palmitoylation in a non-NRAS-dependent cell line. This particular 

melanoma cell line served as a control because it is dependent on mutated BRAF V600E for 

cancer survival and has wildtype NRAS31,32, suggesting that NRAS depalmitoylation should 

not affect its oncogenic downstream signaling. In the BRAF-mutated melanoma cell line, 

there was no significant decrease in either p-AKT or p-ERK after 2-hour treatment with 10 

μM of 1, while there was an expected significant decrease after treatment with 12 nM of the 

MEK inhibitor binimetinib33,34 (Figure 3d-f). The total protein levels of β-actin, AKT, and 

ERK were similar for all treatment conditions (Supplementary Figure 4b,d,f), except for the 

ERK level in the binimetinib-treated BRAF-mutated melanoma cells. This particular ERK 

level was much higher than the rest of the treatments, which could be due to feedback loop 

activation when MEK is blocked by binimetinib33. These results confirmed that compound 1 
causes an inhibition of downstream RAS signaling by the depalmitoylation of NRAS in an 

NRAS-dependent cell line compared to a non-NRAS-dependent cell line.

Reduction of Cell Viability in NRAS-Driven Melanoma

High levels of p-AKT and p-ERK are associated with an upregulation of cell growth and 

survival pathways in cancer1,30. Since we determined that 1 inhibits oncogenic RAS 

signaling by decreasing p-AKT and p-ERK, we wanted to study the direct effects of the 

depalmitoylating compound on cell viability. Although our amphiphilic compound is 
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expected to depalmitoylate multiple membrane-bound proteins21, we expected that the 

depalmitoylation of NRAS would have the most significant effects on cell viability of 

NRAS-driven cell lines because they are dependent on NRAS for survival. In order to assess 

the importance of AMD chemical structure on growth inhibition activity, both NRAS-

dependent and BRAF-dependent melanoma cell lines were treated with a variety of alkyl 

cysteine derivatives that had different chain lengths (Supplementary Figure 5 and 

Supplementary Figure 6). We determined that compound 1 was the most potent inhibitor of 

NRAS-mutated melanoma cell viability compared to the other lipid compounds (2–6), 

which could be due to the appropriate balance in hydrophobicity and hydrophilicity in the 

chemical structure and alkyl chain length of 1 (Supplementary Figure 7a). This balance 

would allow compound 1 to have enough solubility for transmembrane permeability and 

amphiphilicity to insert itself into the membrane. Additionally, 1 was more selective for 

inhibiting NRAS-mutated melanoma viability vs. BRAF-mutated melanoma viability 

compared to 4, which was the only other derivative that had an effect on cell viability of the 

NRAS-mutated melanoma cell line (Supplementary Figure 7a–c).

Next, the WM3000 and Sk-Mel-2 NRAS-mutated human melanoma cell lines as well as the 

control Sk-Mel-28 BRAF-mutated human melanoma cell line were all treated with 1 at 

increasing concentrations of 0, 3.125, 6.25, 12.5, 25, and 50 μM for 24 hours. We found that 

1 had over 8-fold more inhibitory activity in NRAS-mutant versus non-NRAS-mutant 

melanoma cells, with an inhibitory concentration of 50% (IC50) of 9 μM in the WM3000 

NRAS-mutated melanoma cell line and 72 μM in the Sk-Mel-28 BRAF-mutated melanoma 

cell line (Figure 4a). There was similarly high potency in Sk-Mel-2 melanoma cell line, 

which showed an IC50 of 15 μM. The dose-dependent decrease in cell viability correlated 

well with the dose-dependent decrease in the palmitoylation of NRAS (Figure 1c and Figure 

4a). These results support that 1 causes a reduction in NRAS palmitoylation leading to a 

decrease in NRAS-mutated melanoma cell viability.

To determine if the inhibitory effects of compound 1 were mediated by the release of NRAS 

from the plasma membrane, a cell viability rescue experiment was conducted using a fusion 

construct of NRAS(Q61R) with its C-terminal HVR replaced with the KRAS4b HVR 

(Figure 4b). The KRAS4b HVR anchors RAS to the plasma membrane via a polylysine 

motif instead of S-palmitoylation, and its localization is not affected by AMD21. 

Furthermore, while NRAS is dependent on S-palmitoylation for cell growth and 

survival26,27, KRAS4b is not13. The original WM3000 NRAS(Q61R) melanoma cell line 

and the generated fusion WM3000 NRAS(Q61R)-KRAS4bHVR melanoma cell line both 

were treated with increasing concentrations of 1 for 24 hours. The IC50 of 1 was 9 μM in the 

WM3000 NRAS-mutated melanoma cell line and 16 μM in the stable WM3000 

NRAS(Q61R)-KRAS4bHVR melanoma cell line (Figure 4c). Almost twice the 

concentration of 1 was necessary to have a similar decrease in cell viability in the NRAS-

KRAS4bHVR cell line compared to the original NRAS-mutated melanoma cell line. It is 

possible that since the NRAS-KRAS4bHVR cell line still has endogenous NRAS(Q61R) 

mutant protein, there could be a threshold at which the NRAS-KRAS4bHVR fusion protein 

is unable to completely rescue cell viability if endogenous NRAS(Q61R) mutant protein is 
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targeted by 1. However, these results support that the reduction in cell viability is mediated 

by the depalmitoylation and release of NRAS from the plasma membrane.

Apoptosis Induction in NRAS-Driven Melanoma Tumors

Having demonstrated the inhibitory effect of NRAS depalmitoylation in vitro, we sought to 

explore the activity of 1 in melanoma xenograft mouse models. Mice implanted with either 

WM3000 (NRAS-mutant) or Sk-Mel-28 (BRAF-mutant) melanoma cells were 

intratumorally injected with either 50 mg/kg compound 1 or vehicle control (Figure 5a).

To evaluate tumor cell survival, apoptosis, and p-ERK activity, consecutive tumor sections 

were stained for Ki-67, cleaved-caspase-3 (CC3), and p-ERK 24-hours after treatment. The 

Ki-67 nuclear antigen is highly expressed in cells undergoing active phases of the cell cycle 

(G1, S, G2, and M) but is absent in the G0 phase when the cells are in a quiescent state35. 

Hence, the expression of Ki-67 is strongly correlated with cell proliferation. We observed a 

decrease in Ki-67 in the NRAS tumors treated with compound 1 compared to vehicle 

control, while the BRAF tumors treated with 1 and vehicle control exhibited similar levels of 

Ki-67 staining (Figure 5b).

Intratumoral injection of compound 1 in NRAS-mutated tumors showed strong staining for 

CC3 activity, which is a common and reliable marker to assess apoptosis in various 

tissues36,37, compared to vehicle control, and minimal CC3 activity was observed in BRAF-

mutated tumors. This confirmed that compound 1 was capable of inducing programmed cell 

death in NRAS, but not BRAF-mutated tumors (Figure 5b).

Finally, to determine if intratumoral injection of compound 1 can downregulate RAS 

signaling in NRAS tumors, tissue sections were stained for p-ERK activity. We observed p-

ERK staining in the BRAF-mutated tumors treated with 1 as well as vehicle controls of both 

the BRAF and NRAS-mutated tumors, but there was much less p-ERK staining in the 

NRAS-mutated tumors treated with 1 (Figure 5b). These results were in line with our in 
vitro data showing a downregulation of the RAS signaling pathway in an NRAS-mutated 

melanoma cell line upon treatment with 1 (Figure 3a-c). Together, these studies 

demonstrated that compound 1 was able to achieve tumor cell killing and downregulate p-

ERK signaling in NRAS-driven melanoma tumors, but not in BRAF-driven melanoma 

tumors.

Tumor Growth Decrease in NRAS Melanoma Xenografts

After confirming the ability of compound 1 to induce cell death in the NRAS-mutated 

melanoma tumors, we proceeded to examine the effectiveness of treatment with 1 in the 

NRAS-mutant tumor bearing mice by intraperitoneal (IP) administration. The xenograft 

mice were randomized into either compound 1 (20 mg/kg) or vehicle control (49.40 mg/kg) 

treatment groups for a 7-day study (Figure 6a). Daily treatment with 1 resulted in a 

significant decrease in tumor growth compared to the vehicle control cohort (Figure 6b). 

Importantly, the body weight of the animals did not change over the course of treatment, 

suggesting that compound 1 was well tolerated at this treatment regimen (Figure 6c).
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Drug-induced hepatotoxicity is a frequent cause of liver injury with the use of many cancer 

therapies38. To determine if 1 caused liver toxicity in the xenograft mice, alanine 

aminotransferase (ALT) enzyme was measured from the serum. ALT is found mainly in the 

liver and kidney, and normally at low levels in the blood. However, when the liver is 

damaged ALT is released resulting in high levels in the bloodstream. ALT levels after IP 

treatment were approximately 60 mU/mL for 1 and 90 mU/ml for vehicle control (Figure 

6d). These levels were not significantly different from one another and within the normal 

range for mice, which is between 26–126 U/L39. This strongly suggested that compound 1 
did not induce liver toxicity in the mice.

Discussion

NRAS GTPase has been deemed as an undruggable protein because of the challenging 

nature of targeting its shallow binding pockets. Directly targeting the S-palmitoylation 

modification on the C-terminal HVR of NRAS using a chemoselective approach can be 

applied as a unique inhibition strategy. It has been well documented through in vitro and in 
vivo studies that NRAS palmitoylation is required for its cancer signaling activity26,27. 

Taking this into account, our depalmitoylation strategy can be used to target NRAS 

palmitoylation and inhibit its oncogenic signaling capabilities in the context of NRAS-driven 

cancers.

We have determined that our depalmitoylating compound, C8 alkyl cysteine (1), causes 

delocalization of NRAS from the plasma membrane by the mechanism of depalmitoylation. 

Additionally, 1 inhibits downstream signaling associated with cancer cell growth and 

survival pathways in NRAS-mutated melanoma cells. Specifically, it causes a decrease in p-

AKT and p-ERK in an NRAS-driven cell line but not in a BRAF-driven cell line that is not 

dependent on NRAS signaling. Accordingly, 1 causes an inhibitory effect on cell viability in 

multiple NRAS-mutated melanoma cell lines, which is rescued by addition of an NRAS 

mutant with its HVR replaced with the non-palmitoylated HVR of KRAS4b. However, it is 

important to note that there is not a complete rescue in cell viability of the NRAS-

KRAS4bHVR cell line. A possible explanation for this result is that there is still endogenous 

mutant NRAS that is depalmitoylated by 1, which may contribute to the partial rescuing 

capability of the NRAS-KRAS4bHVR fusion protein up until a certain concentration. In a 

xenograft mouse model, tumor histology confirmed that 1 was able to induce apoptosis after 

intratumoral injection in NRAS-mutated melanoma tumors, but not BRAF-mutated 

melanoma tumors. We were also able to detect a downregulation of p-ERK signaling in the 

NRAS-dependent melanoma tumors with direct intratumoral injection. Furthermore, we 

observed a significant decrease in tumor growth in NRAS-mutated melanoma xenograft 

mice treated with 1 compared to the vehicle control, with no detectable liver toxicity. Taken 

together, these results indicate that compound 1 can inhibit NRAS function in vitro and in 
vivo.

This unique depalmitoylation approach overcomes the issues associated with designing 

small molecules to bind the active site of NRAS and provides a direct method to inhibit its 

function by targeting the S-palmitoylation post-translational modification. A 

depalmitoylation-based strategy has the potential to be transformative for the treatment of 
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melanoma as well as other cancers with high rates of NRAS-mutations, such as leukemias 

and lymphomas. Our ongoing work includes enhancing the selectivity of the amphiphile-

mediated depalmitoylating compounds. We plan to use appropriate large-scale capture 

techniques and proteomic methods for analyzing the palmitoylated proteins that are targeted 

by these compounds40,41. In addition, we plan to explore the direct relationship between 

NRAS palmitoylation and total Ras-GTP levels in future studies42,43. With further 

optimization of the selectivity and pharmacokinetics, amphiphile-mediated depalmitoylation 

could become a strategy to uncover novel lead compounds that can be adapted to generate 

inhibitors of several other S-palmitoylated drug targets across a wide range of disease 

indications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
C8 Alkyl Cysteine Causes Depalmitoylation of NRAS in NRAS-Driven Melanoma Cells. 

(a) Chemical structures of C8 alkyl cysteine (1) and control compound C8 alkyl serine (2). 

(b) Western blot detection of NRAS Q61R in acyl resin-assisted capture fractions of 

WM3000 melanoma cells after treatment with increasing concentrations (0–25 μM) of C8 

alkyl cysteine (1). Input fractions (IF) contain total cellular protein and bound fractions (BF) 

contain only S-palmitoylated proteins. (c) Western blot lanes were analyzed and quantified 

using ImageJ. Ratios of BF to IF for each of the treatment conditions were calculated and 

normalized to the 0 μM control to determine the amount of S-palmitoylated NRAS in each 

sample. Results are the mean ± s.d. of three independent experiments (one-way ANOVA). 

(d) WM3000 melanoma cells were treated with different conditions, including the untreated 

control (C), vehicle control (20 μM TCEP in DMSO) (V), 10 μM C8 alkyl serine (2), 10 μM 

C8 alkyl cysteine (1), and 10 μM 2-bromopalmitate (2-BP) for 2 hours. (e) Ratios of BF to 

IF for each of the treatment conditions were calculated and normalized to vehicle control to 

determine the amount of S-palmitoylated NRAS in each sample. Results are the mean ± s.d. 

of three independent experiments (one-way ANOVA).
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Figure 2. 
C8 Alkyl Cysteine Causes Rapid Delocalization of NRAS from the Plasma Membrane. (a) 
EGFP-NRAS plasmid was stably transfected in HeLa S3 cells and treated with 20 μM C8 

alkyl cysteine (1) for 30 min to visualize delocalization of NRAS from the plasma 

membrane. (b) Profile plots of cross sections (blue line) show EGFP-NRAS delocalization 

before (0 min) and after (30 min) treatment with 1. (c) EGFP-NRAS HeLa S3 cells were 

treated with 20 μM of the control C8 alkyl serine (2) for 30 min. (d) Profile plots of cross 

sections show EGFP-NRAS delocalization before (0 min) and after (30 min) treatment with 

2. (e) EGFP-NRAS HeLa S3 cells were treated with 20 μM 2-bromopalmitate (2-BP) for 30 

min. (f) Profile plots of cross sections show EGFP-NRAS delocalization before (0 min) and 

after (30 min) treatment with 2-BP. NRAS was fused to EGFP (green) and the Golgi 

apparatus was stained with BODIPY TR Ceramide (red). Scale bars denote 10 μm.
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Figure 3. 
C8 Alkyl Cysteine Inhibits Oncogenic RAS Signaling in NRAS-Mutated Melanoma Cells 

Compared to BRAF-Mutated Melanoma Cells. (a) Western blot of six different treatment 

conditions in the WM3000 melanoma cell line with the NRAS Q61R mutation. Treatment 

conditions include the untreated control (C), vehicle control (20 μM TCEP in DMSO) (V), 

10 μM C8 alkyl serine (2), 10 μM C8 alkyl cysteine (1), 10 μM 2-bromopalmitate (2-BP), 

and 12 nM binimetinib (BM). (b,c) Western blot lanes for p-AKT and p-ERK were analyzed 

and quantified using ImageJ. Each treatment condition was normalized to the vehicle 

control. Results are the mean ± s.d. of three independent experiments. *p ≤ 0.05, **p ≤ 

0.005, ***p ≤ 0.0005 (one-way ANOVA). (d) Western blot of the six different treatment 

conditions in the Sk-Mel-28 melanoma cell line with the BRAF V600E mutation. (e,f) 
Western blot lanes for p-AKT and p-ERK were analyzed and quantified using ImageJ. Each 

treatment condition was normalized to the vehicle control. Results are the mean ± s.d. of 

three independent experiments. *p ≤ 0.05 (one-way ANOVA).
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Figure 4. 
C8 Alkyl Cysteine Preferentially Reduces Cell Viability in NRAS-Driven versus BRAF-

Driven Melanoma. (a) A WST-1 assay was used to assess the cell viability of NRAS-

mutated melanoma cell lines (WM3000 and Sk-Mel-2) vs. a BRAF-mutated melanoma cell 

line (Sk-Mel-28) after 24-hour incubation with increasing concentrations of C8 alkyl 

cysteine. Results are the mean ± s.d. of three independent experiments. Each row 

(concentration) was analyzed individually, without assuming a consistent SD. **p ≤ 0.01, 

***p ≤ 0.001 (multiple t-tests). (b) The last 24 amino acids of the hypervariable region 

(HVR) of NRAS and KRAS4b are marked in red. The final protein construct of the NRAS-

KRAS4bHVR fusion that was used for experimentation is at the bottom. (c) A WST-1 assay 

was used to assess the cell viability of the original WM3000 NRAS-mutated melanoma cell 

line and the WM3000 NRAS-mutated melanoma cell line with KRAS4b HVR replacing the 

original NRAS C-terminal HVR. Both cell lines were treated with increasing concentrations 

of C8 alkyl cysteine for 24 hours. Results are the mean ± s.d. of three independent 

experiments. Each row (concentration) was analyzed individually, without assuming a 

consistent SD. ***p ≤ 0.001 (multiple t-tests).
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Figure 5. 
C8 Alkyl Cysteine Reduces Proliferation and Induces Apoptosis in NRAS-Driven versus 

BRAF-Driven Melanoma Tumors. (a) Schematic and timeline of in vivo subcutaneous 

melanoma xenograft implantation and intratumoral (IT) treatments. (b) Histology was 

performed for BRAF-mutated melanoma tumors (Sk-Mel-28) and NRAS-mutated 

melanoma tumors (WM3000) for both vehicle control (123.51 mg/kg TCEP in saline) and 

C8 alkyl cysteine (1) treatment groups. Consecutive tissue sections were stained with 

hematoxylin and eosin (H&E) for tumor cell morphology, anti-Ki-67 for cell proliferation, 

anti-cleaved caspase-3 (CC3) for cell apoptosis, and anti-phosphorylation of ERK (p-ERK) 

for RAS signaling.
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Figure 6. 
C8 Alkyl Cysteine Causes a Decrease in Tumor Growth in NRAS-Mutated Melanoma 

Xenograft Mice. (a) Schematic and timeline of in vivo melanoma xenograft intraperitoneal 

(IP) treatments. (b) WM3000 NRAS-mutated human melanoma xenograft mice were IP 

injected with either 20 mg/kg/day of 1 or 49.40 mg/kg/day (2 molar equivalents) of vehicle 

control. Tumor volume was measured every other day for one week for both treatment 

groups. Results are the mean ± SEM with n = 6. *p ≤ 0.05 (unpaired, two-tailed Student’s t 
test). (c) Animal weight was measured every other day for the duration of the IP treatments. 

(d) Liver toxicity was analyzed by assessing the alanine aminotransferase (ALT) activity in 

the blood samples of the xenograft mice in both treatment groups. The conditions included 

49.40 mg/kg/day of vehicle control, 20 mg/kg/day of C8 alkyl cysteine (1), ALT enzyme 

assay positive control (+), and untreated mouse negative control (−).
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