
Second-Generation Cap Analogue Prodrugs for Targeting Aberrant Eukaryotic Translation 

Initiation Factor 4E (eIF4E) Activity in Drug-Resistant Melanoma 

 

Emilio L. Cárdenas1‡, Rachel L. O’Rourke1‡, Arya Menon1, Gabriela Vega-Hernández2, Jennifer 

Meagher3, Jeanne Stuckey3,4, and Amanda L. Garner1* 

 

1Department of Medicinal Chemistry, College of Pharmacy, University of Michigan, Ann Arbor, 

Michigan 48109, United States 

2Program in Chemical Biology, University of Michigan, Ann Arbor, Michigan 48109, United 

States 

3Life Science Institute, University of Michigan, Ann Arbor, Michigan 48109, United States 

4Rogel Cancer Center, University of Michigan, Ann Arbor, Michigan 48109, United States 

 

‡These authors contributed equally to this work. 

*Email: algarner@umich.edu  
 

  

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 27, 2024. ; https://doi.org/10.1101/2024.09.25.614990doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.25.614990
http://creativecommons.org/licenses/by-nc-nd/4.0/


ABSTRACT:  

Melanoma is the deadliest form of skin cancer with a 5-year survival rate of less than 20%. While 

significant strides have been made in the field of kinase-targeted and immune-based therapies for 

melanoma, the development of resistance to these therapeutic agents has hindered the success of 

treatment. Drug-resistant melanoma is particularly reliant on enhanced cap-dependent translation 

to drive the production of oncoproteins that promote growth and survival. The m7GpppX cap-

binding protein eukaryotic translation initiation factor 4E (eIF4E) is the rate-limiting factor of cap-

dependent translation initiation, and its overexpression in melanoma tumors has been shown to 

drive resistance to BRAFV600E kinase-targeted inhibitors. These findings point to eIF4E-targeted 

therapies as a promising strategy to overcome drug resistance in melanoma. Herein, we build upon 

our previous work of developing cell-permeable cap analogue inhibitors to design second-

generation cap analogues that inhibit eIF4E-mediated cap-dependent translation in drug-resistant 

melanoma cells.  
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INTRODUCTION: 

Melanoma is a cancer occurring through the uncontrolled growth of pigment-producing 

melanocytes found in the skin. Although melanoma is not the most common form of skin cancer, 

it is the deadliest with a high probability for the formation of metastatic disease which has a 5-year 

survival rate of only ~20%.1 Indeed, while metastatic melanoma represents <1% of cases, it 

accounts for >80% of skin cancer-related deaths.2 Fortunately, the advent of targeted- and immune-

based therapies over the past decade has had a profound impact on the treatment of melanoma. 

Standard of care for advanced metastatic disease now includes treatment with immune checkpoint 

inhibitors, either alone or in combination with targeted inhibitors of BRAFV600E or MEK kinases.2, 

3 Despite this remarkable progress that has been made in melanoma treatment leading to substantial 

improvements in survival,3 drug resistance to these agents has emerged as a significant impediment 

towards the goal of curing the majority of patients (~80%) presenting with advanced melanoma.2, 

4, 5 In these patients, drug resistance is primarily due either to acquired resistance to targeted 

therapies or innate resistance to immunotherapy.1 As the incidence of melanoma continues to rise 

disproportionally in comparison to other cancer types, there is an unmet need to develop new 

therapies to advance the treatment of the growing population of patients with drug-resistant, 

metastatic melanoma. 

 

In melanoma, activation of both the RAS/RAF/MAPK and PI3K/AKT/mTOR pathways converge 

on eIF4E, the m7GpppX cap-binding protein, thereby promoting cap-dependent translation via 

phosphorylation of eIF4E and 4EBP1, respectively (Figure 1). Indeed, melanoma patients exhibit 

high levels of eIF4E and phospho-eIF4E and -4EBP1, each correlating with greater metastatic 

potential and poor patient survival.6-8 More recent studies have strengthened the role that eIF4E 
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plays in the disease, demonstrating that activation of eIF4E and cap-dependent mRNA translation 

drives resistance to the BRAFV600E-targeted drug, vemurafenib,9, 10 and correlates with response to 

anti-PD-1/PD-L1 immunotherapies, both standard of care treatments for melanoma patients.11, 12 

With respect to vemurafenib resistance, while sensitive cells and tumors showed decreased cap-

dependent translation due to vemurafenib-induced stabilization of the eIF4E/4EBP1 protein-

protein interaction (PPI), drug-resistant melanoma exhibited increased dependence on eIF4E and 

enhanced levels of the pro-translation eIF4E/eIF4G PPI (Figure 1).9, 10 Importantly, co-treatment 

with inhibitors of the eIF4E/eIF4G PPI or eIF4A was found to re-sensitize cells to vemurafenib, 

indicating the potential for development of eIF4F-targeted combination therapy to overcome 

resistance in BRAFV600-mutant melanomas.9  

 

 
Figure 1. Activation of eIF4E and cap-dependent translation in vemurafenib-resistant melanoma.  

 

Recently, our laboratory reported the design and synthesis of cell-permeable small molecule 

inhibitors targeting the eIF4E cap-binding site.13 Using a prodrug design approach inspired by the 

FDA-approved acyclic nucleoside phosphonate prodrugs adefovir and tenofovir dipivoxil, we 
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reported first-generation cap analogues containing a bis-POM (Z)-4-phosphono-but-2-enyl linker 

(1, Figure 2).14 Importantly, these compounds displayed promising on-target anti-proliferative 

activity indicating their potential for further development to enable investigation of the therapeutic 

potential of directly targeting eIF4E in human cancers. Using a structure-guided approach, herein 

we report the design and synthesis of second-generation cap analogues as well as characterization 

of these inhibitors in cellular models of melanoma resulting in the uncovering of eIF4E-targeted 

inhibitors demonstrating inhibition of cap-dependent translation and selective anti-proliferative 

activity in drug-resistant melanoma cells. 

 

 
Figure 2. Structures of first- (1) and second-generation (2-7) nucleoside phosphonate prodrug inhibitors 

of eIF4E. POM = pivaloyloxymethyl. 

 

 

RESULTS AND DISCUSSION: 

Structural studies of cap analogue inhibitors bound to eIF4E, including our previously synthesized 

acyclic bis-POM cap analogues,13, 15 demonstrated that bioisosteric replacement of the canonical 

ribose sugar of m7GMP was plausible with an appropriate conformationally restricted linker 
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between the nucleobase and phosphonate. Specifically, our bis-POM (Z)-4-phosphono-but-2-enyl 

linker (1, Figure 2) relied upon the concave shape of the cap-binding domain of eIF4E resulting in 

hydrogen-bonding interactions between the phosphonate and R157 located in the positively-

charged cleft typically accessed by the triphosphate of the endogenous m7GpppX cap structure.13 

With this structural insight in mind, we posited that an alternative N-9-substituted linker such as a 

N-9-phenyl- or -benzyl–substituted linker could mimic the cis-conformation that positioned the 

(Z)-butenyl phosphonate in proximity to the critical cationic residues that are imperative for the 

potency of m7GMP cap-based inhibitors. Indeed, others have employed similar linker design 

strategies, including previous work towards the generation of N-9-benzylguanine phosphonates 

that displayed extremely potent inhibition of purine nucleoside phosphorylase.16 Additional work 

demonstrated that 7-methylguanine derivatives containing N-9-phenyl and -benzyl linkers could 

serve as potent anti-viral agents through inhibition of the PB2 cap-binding domain associated with 

“cap-snatching” in influenza A.17 Based on this precedent, we synthesized a library of bis-POM 

cap analogues containing various N-9-phenyl and -benzyl linkers with a N-7-methyl(benzofuran) 

substituent due to its superior activity in our previous work (compounds 2-5, Figure 2; please see 

the Supporting Information for synthesis details).13  
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Figure 3. Anti-proliferative activity of second-generation bis-POM cap analogue prodrugs. (A) Single-
point activity in A2058 cells (50 µM, 48 h). Dose-dependent anti-proliferative activity of (B) 5, (C) 6, and 
(D) 7.  
 

Bis-POM cap analogue prodrugs 2-5 were first profiled in vemurafenib-resistant BRAFV600E-

mutant A2058 melanoma cells to evaluate anti-proliferative activity using the CellTiter-Glo cell 

viability assay (Figure 3A).9 Following single-point analysis at 50 µM, meta-substituted N-9-

benzyl analogue 5 was found to be the most potent prodrug in this series inducing near complete 

cell death. Closely related N-9-phenyl analogue 2 also showed appreciable anti-proliferative 

activity at this concentration. Prodrugs 3 and 4 were found to be less active, presumably due to 

decreased linker length separating the benzyl and phosphonate moieties which may prevent the 

phosphonate from interacting with key amino acid residues in the eIF4E binding pocket.13, 15 

Subsequent dose dependence analysis with 5 showed that it exhibited an EC50 value of 40 µM 

A B

C D
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(Figure 3B), an activity in-line with that observed with the first-generation prodrug 1 in MiaPaca-

2 cells.13 We then asked whether the position of the phosphonate on the benzyl linker would affect 

cellular activity. To explore this structure-activity relationship, we prepared and tested the 

corresponding ortho- and para-substituted derivatives 6 and 7 in the CellTiter-Glo assay 

(structures in Figure 2; please see the Supporting Information for synthesis details). While 7 was 

found to be inactive in this assay, likely due to improper positioning of the phosphonate group, 6 

was nearly equipotent to 5 with an EC50 value of 51.3 µM (Figures 3C and 3D). 

 

 
Figure 4. Target engagement of second-generation cap analogues. (A) Structures of phosphonic acids 5-
PA and 6-PA. (B) Biochemical inhibitory activity measured using a FP assay. (C) Stabilization of eIF4E 
by 5-PA and 6-PA in HeLa cell lysate as determined via CETSA. Proteins were detected via Western blot. 
(D) Quantitation of CETSA data in comparison to DMSO as a control.  
 

As bis-POM cap analogue prodrugs 5 and 6 both displayed dose-dependent anti-proliferative 

activity, we next confirmed their competitive inhibition of eIF4E using a fluorescence polarization 

(FP) assay employing fluorescein-labeled m7GTP as a competitive probe.18 For biochemical 

assays, phosphonic acids of 5 and 6 (5-PA and 6-PA, Figure 4A) were synthesized via hydrolysis 
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of the bis-POM phosphonate esters (please see the Supporting Information for synthesis details). 

In FP, 5-PA displayed single digit micromolar competitive binding activity with an IC50 value of 

3.5 µM, while 6-PA was less active with an IC50 value of 14.7 µM (Figure 4B). As an orthogonal 

target engagement assay, a cellular thermal shift assay (CETSA)19 was performed using HeLa cell 

lysate to confirm engagement of 5-PA and 6-PA with eIF4E in the cellular environment. 

Stabilization of eIF4E, which indicates binding, was visualized using Western blot. In-line with 

the FP assay, 5-PA showed greater stabilization of eIF4E, confirming that it binds more tightly to 

eIF4E (Figures 4C and 4D).  

 

 

Figure 5. eIF4E bound to 5-PA. The eIF4E protein backbone is shown as a grey ribbon with residues that 
interact with 5-PA shown as sticks with carbons in light yellow. Nitrogen atoms are colored in blue, oxygen 
in red, chlorine in green, sulfur in gold and phosphorus in orange. Dashed lines represent both hydrogen 
and ionic bonds. (PDB: 9DON) 
 

To provide structural insight into the binding mechanism of 5-PA, an X-ray crystal structure of 

this compound co-crystalized in the cap-binding domain of eIF4E was resolved with a resolution 
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of 2.1 Å resolution with a dimer in the asymmetric unit (Figure 5). The structure solved with 

m7GDP bound to one protein chain and 5-PA occupying the cap binding site in the other protein 

chain. The guanine core scaffold of 5-PA was sandwiched between the side chains of Trp56 and 

Trp102 via cation-p, p stacking interactions that positioned the base to form multiple hydrogen 

bonding interactions with the protein. N1 and N2 formed bidentate hydrogen bonds with the 

carboxylate side chain of Glu103 and carbonyl moiety formed hydrogen bonding interactions with 

the backbone NH group from Trp102. The phenyl group formed edge-on 𝜋 − 𝜋 stacking with 

Trp102 placing the phosphonate in a position to form salt-bridge interactions with the amino and 

guanidine side chains of Lys162 and Arg112, respectively. The meta-substituted ethyl linker 

formed hydrophobic interactions with the side chains of Thr203 and Lys206. The methylene 

carbon of the N-7-methylbenzofuran formed van der Waals interactions with Trp166 and Trp102. 

The benzofuran of 5-PA was situated in a hydrophobic pocket lined by Trp166, Val153, Phe48, 

Leu60 and Pro100 forming edge-on 𝜋 − 𝜋 stacking with Trp56. The chlorine of the benzofuran 

extended further into a pocket interacting with the hydroxyl side chain Ser92 and the backbone 

atoms of Phe47 and Phe48. Illumination of the binding mode of 5-PA occupying the cap-binding 

domain of eIF4E will be invaluable to the design approach of alternative nucleotide- and non-

nucleotide-based derivatives that retain the edge-on-π interaction with W102 while accessing the 

cationic residues located in the positively charged cleft. Progress with respect to this goal will be 

reported in due time.  
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Figure 6. Biological activity of 5 in melanoma cell lines. (A) Effect of 5 on protein levels of select cap-
dependent transcripts. A2058 cells were treated for 6 h, and protein levels were measured using Western 
blot. (B) Dose-dependent anti-proliferative activity of 5 across 3 melanoma cell lines after treatment for 48 
h. 
 

 

To demonstrate that the observed target engagement and anti-proliferative activity in cells was due 

to on-target inhibition of cap-dependent translation, we examined the impact of 5 on the expression 

of oncoproteins whose translation is governed by eIF4E. We selected several well-studied mRNAs 

known to be dependent on eIF4E, including c-Myc, ornithine decarboxylase 1 (ODC1), cyclin D1 

(CCND1), and cyclin D3 (CCND3), and used Western blot to visualize their protein levels after 

treatment of A2058 cells for 6 h. Excitingly, significant decreases were observed in ODC1, 

CCND1, and CCND3 levels after treatment (Figure 6A). In contrast, there were no significant 

changes in c-Myc expression levels. This was not surprising, given that Myc translation is driven 

by both cap-dependent and cap-independent mechanisms due to the presence of an internal 

ribosome entry site (IRES) in its 5¢ UTR.  

 

Since drug-resistant BRAFV600E melanoma cells have been reported to have a particularly high 

dependence on eIF4E and cap-dependent translation initiation,9 we were interested to compare the 

anti-proliferative activity of 5 in vemurafenib-resistant and -sensitive melanoma cell lines. As cell 

actin

cyclin D3

cyclin D1

ODC1

c-MYC

DMSO
5 DMSO

DMSO
5 5

Replicate 3Replicate 2Replicate 1A B

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 27, 2024. ; https://doi.org/10.1101/2024.09.25.614990doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.25.614990
http://creativecommons.org/licenses/by-nc-nd/4.0/


lines, we used the drug-resistant BRAFV600E melanoma cell line A2058, the drug-sensitive 

BRAFV600E cell line A375, and the BRAF-WT cell line SKMEL2. Cells were treated with 5 for 48 

h and viability was analyzed using the CellTiter-Glo viability assay. Strikingly, A2058 cells 

showed the greatest sensitivity to 5, while the viability of SKMEL2 and A375 cells was only 

moderately affected (Figure 6B). Importantly, these findings phenocopy the results of this previous 

report and demonstrate that multiple pharmacological mechanisms of eIF4F inhibition, including 

targeting the eIF4E/eIF4G PPI, eIF4A helicase activity, and now eIF4E-m7GpppX capped mRNA 

binding, can be utilized for inhibiting cap-dependent translation and overcoming drug resistance 

in vemurafenib-resistant melanoma.9 In sum, these results provide additional validation for eIF4E 

as a promising target for re-sensitizing drug-resistant melanoma cells to existing treatments and 

the potential of cap analogues or other eIF4E cap binding site-targeted agents for therapeutically 

addressing this hypothesis. 

 

Conclusion 

The development of resistance to current melanoma therapies has been a major hindrance to 

successfully treating this deadly form of skin cancer. Drug-resistant melanoma has been shown to 

be highly dependent on the overexpression of eIF4E and enhanced cap-dependent translation. 

Thus, eIF4E has arisen as an attractive therapeutic target for re-sensitizing drug-resistant 

melanoma to existing therapies. Expanding on our previous work of designing cell-permeable cap 

analogue prodrugs that inhibit eIF4E binding to capped mRNA, we designed a series of second-

generation cap analogues exploring the effects of alternative N-9-substituted linkers between the 

nucleobase and phosphonate moieties on biochemical and cellular potency. Meta-substituted N-9-

benzyl analogue 5, the most potent in the series, displayed similar eIF4E inhibitory activity and 
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cellular antiproliferative activity to our first-generation compounds. Importantly, drug-resistant 

melanoma cells showed greater sensitivity to cap analogue 5 than drug-sensitive cells, indicating 

that melanoma treatment may benefit from the inclusion of eIF4E inhibitors to overcome drug 

resistance. Ongoing efforts are focused on the development of new analogues with optimized 

potentcy and in vivo drug-like properties to address this question and will be reported in due course. 
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