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Tuning protein synthesis for cancer therapy
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ABSTRACT
~50% of colorectal cancers have an activating mutation in KRAS (encoding the KRAS proto-oncogene) and 
remain difficult to target in the clinic. We have recently shown that activation of KRAS protein alters the 
regulation of mRNA translation, increasing total protein synthesis, and maintaining elevated c-MYC (MYC 
proto-oncogene) expression. Targeting these pathways downstream of KRAS reveals a striking depen
dency that has potential for clinical translation.
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Mutations that result in the constitutive activation of KRAS 
signaling (KRAS proto-oncogene signaling) are present in 
nearly half of all colorectal cancers (CRCs), with these 
patients responding poorly to current treatments. The 
design of targeted therapies is reliant upon understanding 
how mutant KRAS alters tumor cells. We recently used 
genetically engineered mouse models and KRAS-mutant 
patient-derived organoids to investigate how KRAS activa
tion alters the fundamental cellular process of protein 
synthesis.1 We found that activation of KRAS nearly 
doubled the rate of protein synthesis in organoids deficient 
for the tumor suppressor APC (APC regulator of WNT 
signaling pathway) (Figure 1). Furthermore, Kras mutation 
completely removed the efficacy of rapamycin as an inhi
bitor of proliferation in Apc-deficient cells, both in orga
noids and multiple in vivo models. This is in stark contrast 
to our previous work where targeting of mTORC1 (mam
malian/mechanistic target of rapamycin complex 1) with 
rapamycin greatly suppressed intestinal adenoma prolifera
tion, 2 and is in agreement with the drug resistance found 
in KRAS-mutant tumors in the clinic. An independent 
study in organoids of the same genotype as our mouse 
models found that Kras mutation alone has no effect on 
protein synthesis rates, but in conjunction with Apc- 
deficiency does lead to an increase.3 Interestingly, this 
same paper found further increases in protein synthesis 
upon suppression of the commonly mutated genes, Smad4 
(SMAD family member 4) and Trp53 (transformation- 
related protein 53). This highlights a direct link between 
tumor mutations and protein synthesis that, when fully 
understood, could provide methods for personalized ther
apeutic intervention.

Surprisingly, we found that rapamycin remains a potent 
inhibitor of protein synthesis in Apc-deficient, Kras-mutant 
mouse models, despite not affecting proliferation. From 
this, we draw two conclusions. First, that a proportion of 
translation occurring in Kras-mutant cells is not required 
for proliferation and, secondly, there is not a linear 

relationship between protein synthesis and proliferation 
rates. In agreement with this, targeting signaling to increase 
the rate of protein synthesis in CRC models via eIF2 
(eukaryotic translation initiation factor 2) is effective at 
reducing proliferation and inducing apoptosis.4 In this 
instance increasing protein synthesis suppressed prolifera
tion, highlighting the presence of a protein synthesis win
dow that is permissive to cancer-associated hyper- 
proliferation (Figure 1). Clinical trials using compounds 
with this molecular mechanism have begun, with a view 
to using these in neurodegenerative diseases 
(NCT04268784). Pre-clinical studies show that these com
pounds may also be effective in cancer.

Our work found that the expression of mutant Kras in 
tumor models of the mouse intestinal epithelium increased 
the phosphorylation of eIF4E (eukaryotic translation initia
tion factor 4E), the mRNA cap-binding protein. This phos
phorylation, performed by either MNK1 or MNK2 (MAPK 
interacting serine/threonine kinases 1 or 2), is believed to 
enhance the translation of a subset of mRNAs, many of 
which are implicated in tumorigenesis [reviewed by 5]. 
Using genetic and pharmacological methods to suppress 
eIF4E phosphorylation (P-eIF4E) we found expression of 
the proto-oncogene c-MYC is maintained by this signaling 
downstream of KRAS. Importantly, additional targeting of 
protein synthesis was required to reduce c-MYC levels, 
which correlated with suppression of proliferation. 
Specifically, a combination of rapamycin to suppress pro
tein synthesis, and the MNK inhibitor eFT508 to suppress 
P-eIF4E-dependent translation, produced a dramatic reduc
tion in proliferation and a more than 10-fold extension of 
survival in mice bearing Apc-deficient Kras-mutant intest
inal adenomas. Supplementing our pre-clinical results, we 
analyzed clinical CRC samples and identified a positive 
correlation between mTORC1 and MNK activity, with 
nearly half of patients having elevated signaling through 
both pathways. Furthermore, stratification found 
a subgroup of these patients that had a 3.5-year shorter 
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cancer-specific survival compared to those with low signal
ing through either or both pathways. This group accounted 
for 20% of patients studied.

eFT508 (clinical name tomivosertib) is an exceptional, 
well-tolerated compound that is progressing through eight 
clinical trials against multiple solid tumors. Our work 
provides pre-clinical validation for the combination treat
ment of eFT508 with rapalogues in KRAS-mutant CRC. 
We found similar effects when combining eFT508 with 
other compounds that suppress protein synthesis, such as 
oxaliplatin and 5-fluorouracil. eFT508 is currently being 
trialed in combination with paclitaxel in advanced breast 
cancer (NCT04261218) with paclitaxel known to suppress 
protein synthesis in cultured cells.6 Interestingly, genetic 
or chemical inhibition of P-eIF4E reverses chemotherapy- 
induced neuropathic pain induced by paclitaxel treatment 
in vivo, 7 indicating that there may be additional benefits 
of clinical targeting of P-eIF4E.

Mechanistically, we showed that c-MYC mRNA was 
significantly enriched in P-eIF4E immunoprecipitations 
from mouse organoids and human cell lines, identifying 
c-MYC as an essential effector of P-eIF4E. This is sup
ported by our observation that increasing c-MYC expres
sion in vivo was sufficient to completely reverse the benefit 
of our targeting strategy. Another recent publication 
found that the association of c-MYC mRNA with poly
somes, the translation hubs of the cell, was significantly 
reduced in the human colon carcinoma cell line HCT116, 
where one copy of eIF4E could not be phosphorylated.8 

This correlated with reduced c-MYC protein levels and 
cell growth. HCT116 cells harbor a mutation in KRAS 
(G13D) and activated Wnt-signaling via mutation of β- 
catenin (CTNNB1), making them similar to the Apc- 
deficient (Wnt activated), Kras-mutant mouse models 
used in our publication. Thus, the synthesis of c-MYC is 
highly dependent on P-eIF4E in two systems modeling 
CRC. Furthermore, the translation of c-MYC is undoubt
edly important in a range of other tumor settings, making 

this targeting strategy potentially applicable to other 
MYC-dependent malignancies.

There is growing interest in targeting protein synthesis to 
suppress tumors. Many first-line chemotherapies suppress 
translation, indicating that this strategy has, in fact, been used 
for decades.9 During the search for targeted therapies that rely 
on biological understanding, the regulation of translation will 
be particularly amenable to therapeutic intervention. Targeting 
P-eIF4E provides an example of this, but clinical trials are 
currently underway using compounds targeting other parts of 
the translation machinery, providing clinicians with the tools 
to target translation initiation in cancer.

The rate of protein synthesis is increased by cancer- 
associated mutations in colorectal cancer, such as APC (APC 
regulator of WNT signaling pathway) loss or KRAS (KRAS 
proto-oncogene) mutation. Increased protein synthesis is per
missive for hyperproliferation, with lower levels unable to sup
port increased proliferation. However, it is also possible for 
excessive protein synthesis to occur, resulting in diminished 
proliferation and apoptosis. Tumor cells, therefore, tightly reg
ulate their translation rate to remain in the permissive region. 
Therapies targeting protein synthesis can either decrease or 
increase overall rates. Many first-line chemotherapies suppress 
ribosome synthesis, and in turn translation, contributing to 
their efficacy as anticancer agents. These include 5-fluorouracil 
(5-FU) and oxaliplatin. More recently, targeted therapies against 
specific kinases regulating the translation machinery or transla
tion factors themselves have been shown to suppress protein 
synthesis in pre-clinical models and have some efficacy in the 
clinic. Our recent article demonstrated the ability of targeting 
eIF4E (eukaryotic initiation factor 4E) phosphorylation to 
restore sensitivity to agents suppressing translation in KRAS 
mutant colorectal cancers. Targeted therapies are also being 
developed to increase protein synthesis rates in tumors, thereby 
overloading proteotoxic stress response pathways and reducing 
tumor proliferation. This strategy may be particularly effective 
against tumors with multiple mutations, where the permissive 
rate of protein synthesis may nearly be exceeded.

Figure 1. The permissive window for protein synthesis in cancer.

e1884034-2 J. R. P. KNIGHT AND O. J. SANSOM



Disclosure statement

OJS has received funding from Cancer Research Technology Limited (a 
wholly owned subsidiary of Cancer Research UK), Novartis and Astra 
Zeneca.

Funding

This work was supported by Cancer Research UK [A17196]; Cancer 
Research UK [A24388]; Cancer Research UK [A21139]; European 
Research Council [311301].

ORCID

John R. P. Knight http://orcid.org/0000-0002-8771-5484

References

1. Knight JRP, Alexandrou C, Skalka GL, Vlahov N, Pennel K, 
Officer L, Teodosio A, Kanellos G, Gay DM, May-Wilson S, et al. 
MNK inhibition sensitizes KRAS-mutant colorectal cancer to 
mTORC1 inhibition by reducing eIF4E phosphorylation and 
c-MYC expression. Cancer Discov. 2020;CD-20–0652.

2. Faller WJ, Jackson TJ, Knight JRP, Ridgway RA, Jamieson T, 
Karim SA, Jones C, Radulescu S, Huels DJ, Myant KB, et al. 
MTORC1-mediated translational elongation limits intestinal 
tumour initiation and growth. Nature. 2015;517. doi:10.1038/ 
nature13896.

3. Smit WL, Spaan CN, de Boer JR, Ramesh P, Martins Garcia T, 
Meijer BJ, Vermeulen JLM, Lezzerini M, MacInnes AW, Koster J, 
et al. Driver mutations of the adenoma-carcinoma sequence govern 
the intestinal epithelial global translational capacity. Proc Natl Acad 
Sci. 2020;117(41):201912772.

4. Schmidt S, Gay D, Uthe FW, Denk S, Paauwe M, Matthes N, 
Diefenbacher ME, Bryson S, Warrander FC, Erhard F, et al. 
A MYC–GCN2–eIF2α negative feedback loop limits protein synthesis 
to prevent MYC-dependent apoptosis in colorectal cancer. Nat Cell 
Biol. 2019;21:1413–1424. doi:10.1038/s41556-019-0408-0.

5. Smith RCL, Kanellos G, Vlahov N, Alexandrou C, Willis AE, 
Knight JRP, Sansom OJ. Translation initiation in cancer at a 
glance. J Cell Sci. 2021;134:jcs248476.

6. Piñeiro D, González VM, Salinas M, Elena Martín M. Analysis of 
the protein expression changes during taxol-induced apoptosis 
under translation inhibition conditions. Mol Cell Biochem. 
2010;345:131–144. doi:10.1007/s11010-010-0566-7.

7. Megat S, Ray PR, Moy JK, Lou T-F, Barragán-Iglesias P, Li Y, 
Pradhan G, Wanghzou A, Ahmad A, Burton MD, et al. 
Nociceptor translational profiling reveals the ragulator-rag GTPase 
complex as a critical generator of neuropathic pain. J Neurosci. 
2019;39:393 LP– 411. doi:10.1523/JNEUROSCI.2661-18.2018.

8. Ruan H, Li X, Xu X, Leibowitz BJ, Tong J, Chen L, Ao L, Xing W, 
Luo J, Yu Y, et al. eIF4E S209 phosphorylation licenses myc- and 
stress-driven oncogenesis. Elife. 2020;9:e60151. doi:10.7554/ 
eLife.60151.

9. Burger K, Mühl B, Harasim T, Rohrmoser M, Malamoussi A, 
Orban M, Kellner M, Gruber-Eber A, Kremmer E, Hölzel M, 
et al. Chemotherapeutic drugs inhibit ribosome biogenesis at var
ious levels. J Biol Chem. 2010;285:12416–12425. doi:10.1074/jbc. 
M109.074211.

MOLECULAR & CELLULAR ONCOLOGY e1884034-3

https://doi.org/10.1038/nature13896
https://doi.org/10.1038/nature13896
https://doi.org/10.1038/s41556-019-0408-0
https://doi.org/10.1007/s11010-010-0566-7
https://doi.org/10.1523/JNEUROSCI.2661-18.2018
https://doi.org/10.7554/eLife.60151
https://doi.org/10.7554/eLife.60151
https://doi.org/10.1074/jbc.M109.074211
https://doi.org/10.1074/jbc.M109.074211

	Abstract
	Disclosure statement
	Funding
	ORCID
	References

