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Abstract

KRAS-mutant colorectal cancers (CRC) are resistant to therapeutics, presenting a significant 

problem for ~40% of cases. Rapalogs, which inhibit mTORC1 and thus protein synthesis, are 

significantly less potent in KRAS-mutant CRC. Using Kras-mutant mouse models and mouse- and 

patient-derived organoids we demonstrate that KRAS with G12D mutation fundamentally rewires 

translation to increase both bulk and mRNA-specific translation initiation. This occurs via the 

MNK/eIF4E pathway culminating in sustained expression of c-MYC. By genetic and small 

molecule targeting of this pathway, we acutely sensitize KRASG12D models to rapamycin via 

suppression of c-MYC. We show that 45% of CRCs have high signaling through mTORC1 and the 

MNKs, with this signature correlating with a 3.5-year shorter cancer-specific survival in a subset 

of patients. This work provides a c-MYC-dependent co-targeting strategy with remarkable potency 

in multiple Kras-mutant mouse models and metastatic human organoids and identifies a patient 

population who may benefit from its clinical application.
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Introduction

Genomic sequencing has comprehensively characterized the mutational landscape of 

colorectal cancer (CRC)(1,2) finding activating mutations in the KRAS proto-oncogene in 

>40% of patients. Oncogenic mutations in KRAS result in the constitutive activation of 

proliferative signaling cascades, fueling tumor progression, and conferring resistance to 

standard-of-care first-line therapies. Therapies targeting KRAS or its downstream effector 

pathways have failed to materialize in the clinic (3), although a compound specifically 

targeting mutant KRASG12C has recently show efficacy in multiple solid tumors (4). Given 

the association of KRAS-pathway aberrations with therapy resistance and disease recurrence 

in CRC, and a similarly dismal outlook for KRAS-mutant patients with other indications, 

new treatment strategies are urgently needed.

Inactivation of the APC tumor suppressor, which leads to deregulation of pro-proliferative 

WNT signaling, is a key initiating event in intestinal adenoma formation. We previously 
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showed that Apc-deficient enterocytes are dependent on mTORC1 to promote translation 

elongation, sensitizing Apc-deficient adenomas to the mTORC1-inhibitor rapamycin (5). 

This has been recapitulated clinically with rapamycin regressing colonic polyps in familial 

adenomatous polyposis (FAP) patients predisposed to adenoma formation due to germline 

APC mutation (6). Despite this success in APC-deficient adenomas, sporadic CRC patients 

fail to benefit from rapalogs (rapamycin and its analogues) with those harboring oncogenic 

KRAS mutations performing even worse (7–9). Importantly, mice bearing Apc-deficient 

colonic tumors exhibited significant regression with rapamycin, while counterparts with Apc 
loss and KRAS activation failed to respond (10). These considerations underscore the need 

to identify therapeutic vulnerabilities of KRAS-mutant tumors that may synergize with 

rapalogs.

Colorectal cancer has been classified into 4 consensus molecular subtypes (CMSs)(1). 

CMS1 is highly immune infiltrated, with mismatch repair mutations common. CMS4 is 

highly stromal and has the worst prognosis. CMS2 and 3 are characterized by low 

infiltration and are primarily comprised of epithelial tumor cells. CMS2 has high WNT and 

MYC signatures and CMS3 is enriched for KRAS mutation and exhibits metabolic 

alterations. The Glasgow Microenvironment Score (GMS) segregates CRCs by immune and 

stromal infiltration (11), with GMS0 being immune infiltrated (roughly correlating with 

CMS1), GMS2 being highly stromal with the worst prognosis (akin to CMS4) and GMS1 

being the least infiltrated (in line with CMS2/3). The immunologically pauce tumors in 

CMS2/3 and GMS1 are unresponsive to checkpoint inhibition and thus require new 

therapeutics targeting key cancer-cell-intrinsic pathways.

In cancer, deregulation of mRNA translation underpins the increased bulk protein synthesis 

that sustains the elevated rates of cell proliferation, alongside upregulation of oncogene 

expression through preferential mRNA recruitment to the ribosome (12). Phosphorylation of 

the translation initiation factor eIF4E on serine 209 (S209) is downstream of many 

oncogenic pathways; KRAS can signal to eIF4E via MAPK or p38 signaling (13–16). Both 

of these pathways converge on the MAP kinase-interacting serine/threonine-protein kinases 

MNK1 and MNK2, which in turn are the only kinases that phosphorylate eIF4E at S209 

(17,18). MNK-mediated eIF4E phosphorylation has been implicated in solid and liquid 

cancers (19–25).

Deletion of the Mnks is developmentally tolerated and has no adverse effects in adult mice 

(17) as is the expression of a non-phosphorylatable S209A point mutant of eIF4E (19). The 

tolerability and efficacy of genetic deletion of the MNKs in numerous models have 

prompted the development of MNK inhibitors. Foremost among these is eFT508, a potent 

inhibitor with excellent oral bioavailability and pharmacokinetics, that has progressed into 

phase II clinical trials (24,26). Mechanistically, phospho-eIF4E (P-eIF4E) drives an 

oncogenic translation program, via a set of ‘P-eIF4E dependent’ transcripts, including C-
myc, Cyclin D1, Cyclin E and Mcl1 (22,23). How P-eIF4E specifically promotes translation 

of oncogenic mRNAs remains unclear. In fact, phosphorylation of serine 209 is not required 

for translation to proceed and reduces the affinity of eIF4E for mRNA (27,28). To date, the 

increased translation of these proliferative transcripts has only been correlated with P-eIF4E. 

There remains a paucity of data directly demonstrating the importance of these ‘P-eIF4E-

Knight et al. Page 3

Cancer Discov. Author manuscript; available in PMC 2021 July 21.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



dependent’ mRNAs on the tumor phenotype. This lack of understanding limits therapeutic 

exploitation of this pathway.

Here, we analyze the role of oncogenic Kras mutation on protein synthesis and 

tumorigenesis in the intestine. Using genetically engineered mouse models (GEMMs) we 

demonstrate that KRAS activation enhances protein synthesis and drives proliferation. We 

identify upregulated translation initiation downstream of KRAS which coincides with 

increased MNK/eIF4E signaling. KRAS overrides signaling to translation from mTORC1, 

rendering proliferation resistant to rapamycin and altering the molecular mode of rapamycin 

in vivo. Genetic or pharmacological disruption of the MNK/eIF4E axis alone is insufficient 

to suppress tumorigenesis. However, co-targeting the pathway with inhibition of mTORC1 

using rapamycin shows a significant benefit in multiple mouse and human organoid models. 

We observe that this involves the suppression of total protein synthesis by rapamycin and the 

regulation of c-MYC expression by P-eIF4E. We also show that biomarkers for these 

pathways co-occur in CRC patients and correlate with poor survival in patients with GMS1 

tumors, accounting for 1 in 5 patients in total. Together, our work defines a role for 

oncogenic KRAS in driving protein synthesis and uncovers a druggable vulnerability 

downstream of KRAS with multi-cancer therapeutic potential.

Results

Mutant Kras confers resistance to rapamycin

Given that KRAS mutations correlate with resistance to rapamycin, we first examined the 

impact of rapamycin following oncogenic mutation of Kras. This was achieved through the 

generation of VillinCreER Apcfl/fl KrasG12D/+ mice (referred to as APC KRAS short-terms), 

whose responses were compared to VillinCreER Apcfl/fl mice (referred to as APC short-

terms) expressing wild-type Kras. Upon induction with intraperitoneal injection of 

tamoxifen these mice exhibit intestinal hyper-proliferation. Hyper-proliferation in 

VillinCreER Apcfl/fl intestines is reduced by rapamycin treatment due to suppression of 

hyperactive mTORC1 signaling (Figure 1A), consistent with our previous publication (5). In 

comparison, rapamycin treatment of VillinCreER Apcfl/fl KrasG12D/+ mice had only a modest 

effect on proliferation (Figure 1A).

In parallel, we generated VillinCreER Apcfl/+ KrasG12D/+ mice (i.e. now heterozygous for the 

Apc flox allele – referred to as APC KRAS tumor model mice) that develop intestinal 

adenomas upon loss of the second copy of Apc. These were aged until displaying signs of 

intestinal disease and compared with a cohort of VillinCreER Apcfl/+ mice (APC tumor 

model mice). The expression of oncogenic KRAS reduced the latency of our tumor model, 

from 227 to just 63days (Figure S1A), consistent with previous reports (29,30). Mice 

expressing oncogenic KRAS exhibit more colonic adenomas, with a smaller increase in 

adenomas of the small intestine (Figure S1B). Using this model, we tested the effect of 

rapamycin on tumor initiation and progression by treating APC KRAS tumor model mice 

with rapamycin or vehicle from 5days post induction, seeing no difference in survival 

(Figure 1B). We have previously demonstrated complete suppression of an APC ageing 

model by rapamycin treatment (5). Together these findings indicate that rapamycin does not 

inhibit the formation or growth of adenomas in the presence of oncogenic KrasG12D 
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mutation. Recent literature suggests that specific KRAS mutations have different potencies 

for transformation, dependent on engaging downstream effector pathways. In colorectal 

cancer KRASA146T can drive anti-EGFR resistance, but correlates with better survival than 

KRASG12D, and is less potent in cooperating with Apc loss in mouse models (31). In 

contrast to anti-EGFR resistance, we find that expression of KRASA146T is insufficient to 

give intrinsic resistance to rapamycin in vivo (Figure S1C).

Next, we utilized another tumor model, the Apc1322T/+ mutant mouse, which develops 

intestinal adenomas, akin to FAP patients. Treatment of symptomatic Apc1322T/+ mice, wild-

type for Kras, with rapamycin for 10days resulted in a reduction in proliferation in 

established adenomas (Figure 1C). Engineering these mice to express oncogenic KRASG12D 

for the final 3days of rapamycin treatment completely reversed the suppression of 

proliferation (Figures 1C and S1D), showing that acute KRASG12D activation is sufficient to 

provide rapid and complete resistance to rapamycin.

Mutant Kras promotes translation initiation and alters the molecular effects of rapamycin

We next analyzed ex vivo organoids generated from the small intestines of APC or APC 

KRAS short-term mice. These organoids recapitulated the in vivo phenotype with APC 

organoids giving a reduced metabolic readout used as a surrogate for proliferation following 

rapamycin treatment, whereas APC KRAS organoids were unaffected (Figures 2A and 

S2A). APC organoids treated with rapamycin demonstrate a marked reduction in protein 

synthesis measured by 35S methionine incorporation (Figure 2B). APC KRAS organoids 

also demonstrate 25% reduction in protein synthesis (Figure 2A and B).

To gain a mechanistic insight into the action of rapamycin, we analyzed the rates of 

translation initiation and elongation using sucrose density ultra-centrifugation and 

harringtonine run-off analyses. The APC KRAS model exhibits more polysomes but does 

not differ in translation elongation rate, compared to the APC model (Figures S2B and S2C), 

indicative of increased translation initiation driven by KRASG12D. Following rapamycin 

treatment, Apc-deficient cells respond by slowing elongation and retaining more ribosomes 

within polysomes (Figures S2B and S2C). In contrast, in response to rapamycin APC KRAS 

cells load fewer ribosomes into their polysomes with no change in elongation rate, indicating 

impaired initiation. This demonstrates an altered mode of action of rapamycin – from an 

inhibitor of elongation in Apc-deficient cells to an inhibitor of initiation following mutation 

of Kras.

Translation elongation is slowed following rapamycin treatment in the APC model due to 

increased P-eEF2 (5). Consistent with no effect on translation elongation in APC KRAS 

intestines, rapamycin treatment did not impact P-eEF2 in this genotype (Figures S2D and 

S2E). Rapamycin remains an effective inhibitor of S6K signaling downstream of mTORC1, 

with phosphorylation of its substrate P-RPS6 S240/4 slightly suppressed in the APC KRAS 

model, while P-4E-BP1 T37/46 was significantly decreased by rapamycin. Therefore, 

KRAS-activation supersedes the regulation of P-eEF2 by mTORC1, such that inhibition of 

mTORC1 no longer affects P-eEF2 levels. mTORC1/S6K can also signal to the initiation 

factors eIF4B and eIF4G (32–34). We find these initiation factors responsive to rapamycin in 

both APC and APC KRAS organoids, demonstrating a functional link between mTORC1 
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and initiation, which, as well as decreased P-4E-BP1, may explain how rapamycin 

suppresses translation in the APC KRAS model (Figures S2B, S2D and S2E).

From this we conclude that KRAS activation with Apc deletion upregulates protein 

synthesis by promoting translation initiation. We also observe a functional uncoupling of 

protein synthesis from proliferation, with rapamycin treatment of APC KRAS organoids 

resulting in suppressed protein synthesis without impacting proliferation. We, therefore, 

reasoned that to successfully target translation in this model we need to either suppress 

translation further or selectively suppress translation of pro-proliferative messages. To 

investigate, we focused on translation initiation given its importance following KRAS 

activation.

P-eIF4E is enhanced by KrasG12D mutation

Phosphorylation of eIF4E is known to occur downstream of KRAS signaling (35). We 

observed increased P-eIF4E in APC KRAS short-term intestines and within colonic 

adenomas from the APC KRAS tumor model compared with APC counterparts (Figures 3A 

and S3A). Consistently, western blot analysis showed a stepwise increase in P-eIF4E to APC 

and then APC KRAS cultures compared with wild-type organoids (Figure S3B). 

Interestingly, P-eIF4E was lower in intestines expressing KrasA146T/+ (Figure S3C), 

consistent with the response to rapamycin treatment seen in tumors with this Kras allele 

(Figure S1C). Oncogenic BRAF is also capable of signaling through the same pathways to 

P-eIF4E. P-eIF4E was variable in BrafV600E/+ mouse intestines (Figure S3C), suggesting 

there may be role for this pathway in the ~10% of patients with these mutations.

We next sought to attenuate P-eIF4E and observe its effect on tumorigenesis in KrasG12D 

driven models. Genetic alteration of eIF4E serine 209 to alanine prevents upstream signaling 

from the MNKs and is tolerated in vivo (19). We therefore generated VillinCreER 

Apcfl/(fl or +) KrasG12D/+ Eif4eS209A/S209A mice, which have a homozygous knock-in of 

eIF4E S209A (APC KRAS eIF4E KI short-term or tumor models). The onset of intestinal 

neoplasia was not significantly different in the APC KRAS eIF4E KI tumor model compared 

to APC KRAS controls, and mice developed a similar tumor burden (Figure S3D).

Given that rapamycin suppresses protein synthesis via translation initiation in the APC 

KRAS model, we reasoned that combining rapamycin with targeting of P-eIF4E may be 

beneficial. Rapamycin treatment of APC KRAS eIF4E KI mice from an early time-point 

(5days) resulted in a 65% extension of survival compared with rapamycin-treated APC 

KRAS mice (Figure S3E). APC KRAS eIF4E KI mice were then treated with rapamycin at a 

late timepoint, when bearing intestinal adenomas. These animals exhibited a significant 

reduction in adenoma proliferation after 5days of treatment (Figure 3B), and a four-fold 

extension of survival (Figure S3F and G). APC KRAS mice (wild-type for Eif4e) treated 

with rapamycin at the same stage of intestinal disease gained no benefit from rapamycin 

(Figure 3B). Consistent with this, we observed a reduction in intestinal proliferation in the 

APC KRAS eIF4E KI short-term model following rapamycin treatment (Figure 3C), and in 

ex vivo organoids from these mice when treated with rapamycin (Figure S3H). P-eIF4E was 

absent in mice bearing the S209A mutation (Figure 3C). Rapamycin did not affect P-eIF4E 

in the Eif4e wild-type APC KRAS short-term model (Figure S3A and S3I), thereby 
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excluding this potential mechanism for disruption of P-eIF4E enhancing rapamycin 

sensitivity.

P-RPS6 S240/4 and P-eIF4E S209 co-occur in colorectal cancer patients

The efficacy of targeting P-eIF4E in combination with mTORC1 inhibition indicates the 

importance of these pathways in CRC. To address the clinical importance of these pathways 

we stained a tissue microarray (TMA) containing tumors from 192 patients for P-eIF4E 

S209 and P-RPS6 S240/4, the latter as a readout of mTORC1 activity (Figure 3D). Almost 

50% (80/170) of patients had high levels of both P-eIF4E and P-RPS6, contributing to a 

significant positive correlation between the two (Figure 3E). Thus, high MNK and mTORC1 

activities co-occur in a significant fraction of CRC patients, identifying a population of 

patients who may benefit from co-targeting.

Mnk1/2 deletion combines with rapamycin to suppress KRAS-driven proliferation

The increase in P-eIF4E indicates heightened signaling through the MNKs. We therefore 

generated VillinCreER Apcfl/(fl or +) KrasG12D/+ Mnk1-/- Mnk2-/- mice (referred to as APC 

KRAS MNK1/2 KO short-term or tumor models), that are germline knockout for both Mnk1 
and Mnk2 (17), to assess the importance of these kinases. In parallel, we generated 

VillinCreER Apcfl/(fl or +) KrasG12D/+ with single knockout of the either Mnk1 or Mnk2. 

Deletion of Mnk2 had a greater effect on P-eIF4E than deletion of Mnk1 (Figure 4A), 

consistent with higher expression of Mnk2 in the mouse intestine (Figure S4A). Mnk1 and 

Mnk2 are expressed throughout the intestinal epithelium of APC and APC KRAS mice 

(Figure 4B). Mnk2 expression appears to be increased in APC KRAS compared with APC 

intestines, as confirmed by qPCR for each Mnk transcript (Figure 4C). BaseScope also 

confirmed the lack of Mnk1 and Mnk2 transcripts in APC KRAS mice with Mnk knockouts 

(Figure S4B). Deletion of both Mnk1 and Mnk2 abolished P-eIF4E in vivo (Figure 4A), as it 

did in organoids (Figure S4C). While APC KRAS organoids harboring Mnk1 or Mnk2 
knockouts displayed reduced P-eIF4E levels relative to their WT counterparts, Mnk1 
deletion had a greater effect on P-eIF4E in organoid cultures than in in vivo experiments. 

The reasons for this are unclear but may relate to a greater role of the kinase in culture, or a 

lack of compensation by MNK2.

Single or double deletion of the Mnks in the APC KRAS tumor model had no effect on 

survival compared to mice expressing both Mnks (Figure S4D). APC KRAS MNK1/2 KO 

mice, administered rapamycin when showing late-stage symptoms of intestinal disease, 

survived 10 times longer than either vehicle treated APC KRAS MNK1/2 KO mice or 

rapamycin-treated APC KRAS mice (Figure 4D). Similarly, in the short-term model, APC 

KRAS MNK1/2 KOs showed partial suppression of proliferation compared to APC KRAS 

controls and when combined with rapamycin, exhibited reduced hyper-proliferation (Figure 

4E). We observed a stepwise reduction in the effect of combination with rapamycin in APC 

KRAS models with Mnk1 knockout followed by Mnk2 knockout and finally to Mnk1 and 

Mnk2 knockouts in both the tumor and short-term models (Figure S4E, S4F, S4G and S4H). 

This dose-dependent nature of Mnk knockout is encouraging for drug targeting, suggesting a 

wide therapeutic window.
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Next, we employed an orthotopic approach whereby VillinCreER Apcfl/fl KrasG12D/+ or 

VillinCreER Apcfl/fl KrasG12D/+ Mnk1-/- Mnk2-/- mice received a local injection of 

tamoxifen into the submucosa of the distal colon, producing a single colonic polyp which 

can be longitudinally monitored by colonoscopy (36,37). APC KRAS MNK1/2 KO mice 

treated with rapamycin, survived significantly longer than untreated APC KRAS or APC 

KRAS MNK1/2 KO mice (Figures 4F and S4I). Two out of four APC KRAS MNK1/2 KO 

mice survived to 200days post-induction, compared with a mean survival of only 29days in 

APC KRAS controls. Thus, genetically targeting the MNK/eIF4E pathway in combination 

with rapamycin treatment suppresses tumorigenesis. We next explored the mechanism 

behind this successful treatment.

P-eIF4E and mTORC1 cooperate to regulate c-MYC expression

Sucrose density gradients of extracts from APC KRAS eIF4E KI and APC KRAS MNK1/2 

KO short-term model mice show that rapamycin slightly decreased polysome abundance in 

both cases (Figures S5A and S5B), similar to APC KRAS mice, indicating that rapamycin 

remains an inhibitor of translation initiation. The rate of ribosome run-off was unchanged by 

rapamycin treatment of either APC KRAS eIF4E KI or APC KRAS MNK1/2 KO organoids 

(Figures S5C and S5D). Therefore, the sensitization to rapamycin in these two genotypes is 

not due to an alteration in its mode of action to a translation elongation inhibitor seen in the 

APC models. Rapamycin is an effective inhibitor of protein synthesis in all genotypes 

analyzed (Figure S5E), and the genetic targeting of Mnk or Eif4E did not alter the effect of 

rapamycin on phosphorylation of eEF2 or RPS6 S240/4 (Figure S5F).

Protein synthesis rates were comparable between rapamycin-treated APC KRAS organoids 

that are not suppressed and rapamycin-treated APC KRAS eIF4E KI or APC KRAS 

MNK1/2 KO organoids where cell metabolic capacity was attenuated (Figure S5E). 

Interestingly, this data also indicates that, in the absence of rapamycin, Mnk deletion reduces 

protein synthesis. MNK suppression rarely has a great effect on global protein synthesis, 

although similar data to that presented here have been shown in two separate reports using 

prostate cancer cells (38,39). Therefore, the suppression of bulk protein synthesis is not the 

mechanism behind the efficacy of MNK/eIF4E and mTORC1 co-targeting but is likely 

instead to rely on reduced translation of specific transcripts. We therefore sought to identify 

the mRNAs bound by total eIF4E and P-eIF4E by RNA immunoprecipitation (RIP) from 

APC KRAS organoids. Immunoblotting samples from these RIPs shows the enrichment for 

P-eIF4E and the recovery of total eIF4E (both phosphorylated and non-phosphorylated 

forms) from parallel eIF4E RIPs (Figure 5A). qPCR of RNA purified from these RIPs 

reveals uniform binding of transcripts by total eIF4E between predicted ‘P-eIF4E-

dependent’ and control mRNAs (Figure 5B)(20,22,23). qPCR from P-eIF4E RIPs shows an 

enrichment for ‘P-eIF4E dependent’ messages when compared to control transcripts ActB 
and Gapdh with the C-myc transcript significantly enriching in P-eIF4E RIPs compared to 

the Gapdh transcript (Figure 5B). Similarly, RIPs performed using exogenous Flag-eIF4E 

expressed in HCT116 cells found a significant enrichment of c-MYC, among other P-eIF4E 

dependent transcripts, than control TUBA1B transcript (Figure S5G). Importantly, 

expression of Flag-eIF4E mutated with the S209A mutation reduced the enrichment for c-
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MYC over control transcripts (Figure S5G). This indicates that Flag-eIF4E that can be 

phosphorylated associates more readily with c-MYC than non-phosphorylatable Flag-eIF4E.

C-myc has particular pertinence in CRC, demonstrated by the effects of its deletion in Apc-

deficient GEMMs (40). We analyzed the expression of nuclear c-MYC in colonic adenomas 

from APC KRAS MNK1/2 KO tumor model mice treated with or without rapamycin 

compared to APC KRAS mice. Nuclear c-MYC expression was decreased in adenomas 

from APC KRAS MNK1/2 KOs treated with rapamycin (Figure 5C) but relatively 

unchanged in the corresponding short-term model (Figure S5H). Cytoplasmic c-MYC 

expression followed a similar pattern, but at less than half the levels of nuclear c-MYC 

(Figure S5I). Western blotting of lysates from APC KRAS MNK1/2 KOs organoids also 

showed a consistent reduction in c-MYC expression following rapamycin treatment (Figure 

S5J). Importantly, C-myc mRNA expression was not altered by the presence or absence of 

the MNKs or rapamycin treatment (Figure S5K). Therefore, P-eIF4E is enriched on C-myc 
mRNAs and, when this pathway is suppressed in conjunction with rapamycin treatment, the 

expression of c-MYC falls.

Co-targeting of MNK and mTORC1 suppresses KRAS-driven tumorigenesis

We next sought to recapitulate our genetic data with small molecule inhibitors. To inhibit the 

MNKs, we used the potent MNK inhibitor eFT508 (24,26). eFT508 treatment of the APC 

KRAS short-term model substantially reduced P-eIF4E but had little effect on proliferation 

(Figures 6A and S6A). Combination of eFT508 with rapamycin significantly reduced 

proliferation, compared to animals treated with both vehicles, (Figure 6A), to a level similar 

to APC KRAS MNK1/2 KOs treated with rapamycin (Figure 4E). eFT508 was present at 

over 3nM in the plasma and 300nM in the intestine 2hours after oral gavage, concentrations 

which were not altered by concurrent dosing with rapamycin (Figure S6B). A similar effect 

was seen targeting the MNKs with the multi-kinase inhibitor merestinib (Figure S6C). Drug 

combination efficacy was independent of signaling to eEF2 via eEF2K, as shown by 

suppressed proliferation in eFT508/rapamycin or merestinib/rapamycin combinations in 

VillinCreER Apcfl/fl KrasG12D/+ eEF2KD273A/D273A intestines (Figures S6C and S6D)(41). 

When analyzed in the elongation-dependent APC model, this eEF2K inactivating allele 

completely removes sensitivity to rapamycin (Figure S6E). This confirms that rapamycin 

(and MNK inhibition) do not reduce proliferation via eEF2K-dependent slowing of 

elongation. Combination of rapamycin and eFT508 in this APC model (with wild-type Kras) 

had no additional effect on proliferation than rapamycin treatment alone (Figure S6E).

eFT508/rapamycin was effective in the APC KRAS tumor model, significantly suppressing 

proliferation after 5days of treatment, with a reduction in P-eIF4E (Figures 6B and 6C). 

Suppression of proliferation by eFT508/rapamycin in APC KRAS adenomas correlated with 

reduced nuclear and cytoplasmic c-MYC expression (Figures 6C, 6D and S6F). APC KRAS 

organoids treated with the combination for 24hours also had reduced c-MYC expression 

(Figure S6G). Treatment of mice bearing adenomas also significantly extended survival, 

with animals living up to 120days on treatment, compared with less than 10days with 

vehicle treatment (Figure 6E). Combination treatment was extremely well tolerated, with 

excellent biomarker modulation but no adverse effects on homeostasis in wild-type mice 
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(Figure S6H). c-MYC expression was also unaltered by combination treatment in wild-type 

mice, indicating that this modulation is specific to the APC KRAS tumor model, and not a 

wider effect on c-MYC expression. Treatment of the orthotopic APC KRAS colonic polyp 

model with eFT508/rapamycin resulted in a similar extension of survival when compared 

with the single drug treatments (Figure S6I) and treatment of APC KRAS organoids with 

rapamycin and eFT508 in combination reduced cell metabolic activity, a surrogate for cell 

number, by ~40% (Figures 6F and S6J).

Mechanistically, eFT508 treatment was similar to Mnk knockout. eFT508 suppressed 

protein synthesis, with no additive inhibition when combined with rapamycin (Figure S6K). 

Of note, RIPs performed following eFT508 treatment of APC KRAS organoids showed no 

change in the quantity of C-myc bound by total eIF4E (Figure S6L). Thus, P-eIF4E does not 

increase the recruitment of eIF4E to mRNAs, consistent with previous reports (27,42), but 

likely promotes translation transcripts when bound.

The efficacy of MNKi and rapamycin is entirely dependent upon regulation of c-MYC

Targeting P-eIF4E in combination with rapamycin treatment, consistently results in a 

reduction in nuclear c-MYC protein expression (Figures 5C and 6D). However, it is unclear 

whether this is a cause or consequence of reduced proliferation. To test this, we used an 

inducible human C-MYC cDNA lacking 5′- or 3′-UTRs preceded by a Cre-activated LoxP-

STOP-LoxP (lsl) cassette in the Rosa26 locus (R26-lsl-MYC) (43). Following 

recombination, two additional copies of c-MYC are expressed in the intestinal epithelium 

concomitant with Apc deletion and KRASG12D activation. These mice are referred to as 

APC KRAS MYC.

The expression of additional c-MYC had little effect on proliferation in established 

adenomas (Figure 7A), with similar nuclear levels of c-MYC between untreated APC KRAS 

and APC KRAS MYC ageing model mice (Figure 7B). However, proliferation in adenomas 

of these APC KRAS MYC mice was unaffected by treatment with eFT508/rapamycin, in 

contrast with the almost 50% reduction in proliferation in treated APC KRAS adenomas 

(Figure 7A). In line with sustained proliferation, treated APC KRAS MYC adenomas 

showed higher expression of nuclear c-MYC compared to treated APC KRAS adenomas 

(Figure 7B). APC KRAS MYC organoids also showed increased average expression of c-

MYC following eFT508/rapamycin treatment compared with APC KRAS organoids (Figure 

S6G). Cytoplasmic c-MYC follows the same pattern (Figure S7A). Furthermore, the 

extension of survival seen with eFT508/rapamycin in APC KRAS tumor model mice 

(median 49days) was completely lost in APC KRAS MYC mice (median <4days) (Figure 

S7B), despite eFT508 suppressing P-eIF4E to a similar extent (Figure S7C). The C-MYC 
transgene produced similar results in the APC KRAS short-term model (Figure 7C) and 

organoid culture (Figure 7D) with proliferation comparable between APC KRAS MYC mice 

or organoids treated with eFT508/rapamycin and vehicle-treated APC KRAS. Altogether, 

these data reveal that the suppression of c-MYC protein expression by eFT508/rapamycin 

entirely accounts for the reduction in proliferation in the APC KRAS model.

eFT508/rapamycin treatment suppressed protein synthesis in APC KRAS MYC cells to a 

similar extent as APC KRAS organoids (Figure S7D). Thus, the re-expression of c-MYC 
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does not drive proliferation by simply restoring protein synthesis. We hypothesize that 

rapamycin acts to suppress global protein synthesis, creating a requirement for P-eIF4E to 

promote c-MYC expression. To test this we used three therapeutically relevant agents that 

suppress global protein synthesis, oxaliplatin, 5-fluorouracil (5FU), and rocaglamide (44–

46), in the place of rapamycin, finding that APC KRAS organoids were sensitized to 

treatment with these compounds by co-administration of eFT508 (Figure S7E). This 

sensitization was dependent on suppression of c-MYC as APC KRAS MYC organoids were 

refractory to eFT508 combination treatment. Thus, MNK inhibition acts to suppress 

proliferation in tumor cells where protein synthesis is limiting, by suppressing c-MYC 

expression.

c-MYC restores proliferation by altering transcription of metabolic genes

The c-MYC transgene is unable to restore protein synthesis rates following eFT508/

rapamycin treatment, even after 1 week of exposure to the compounds in culture (Figure 

S7F). We therefore investigated how c-MYC is restoring proliferation by performing an 

RNAseq analysis from APC KRAS and APC KRAS MYC whole intestines, treated with or 

without eFT508/rapamycin. This revealed few changes in mRNA abundance (68 altered 

transcripts) following c-MYC expression in the absence of treatment but comparing APC 

KRAS and APC KRAS MYC intestines treated with the combination revealed 335 altered 

transcripts (154 up, 181 down) (Figure S7G). Of these transcripts only 9 were altered by 

expression of the transgene in the absence of drug treatment. REACTOME and Gene Set 

Enrichment Analysis revealed that the transcripts upregulated by c-MYC regulate metabolic 

pathways such as oxidative phosphorylation and arachidonic acid metabolism (47,48) 

(Figures 7E and S7H). There was no enrichment for changes in canonical c-MYC-

modulated transcripts, such as ribosomal constituents or RNA polymerases. Transcriptional 

upregulation of specific metabolism-linked transcripts was confirmed by qPCR from 

intestinal tissue as well as organoids treated with eFT508/rapamycin for one week (Figures 

S7F and S7I). Interestingly, the c-MYC transgene does not revert gene expression to 

resemble untreated control APC KRAS intestines, as evidenced by 865 differently expressed 

transcripts (573 up, 295 down) when comparing these two conditions (Figure S7G). Thus, 

the c-MYC transgene specifically drives a transcriptional program focusing on metabolism 

only following eFT508/rapamycin treatment, which likely enables proliferation to be 

restored. This analysis will provide insight into c-MYC-driven resistance mechanisms, 

identifying oxidative phosphorylation and arachidonic acid metabolism as potential targets. 

c-MYC regulation of arachidonic acid metabolism has previously been seen in Kras-mutant 

mouse models of lung cancer (49) and the arachidonic acid pathway is pro-tumorigenic in 

preclinical models of CRC, with inhibitors such as celecoxib proving to be clinically 

effective preventative therapies (50).

Given the efficacy of targeting the MNKs in combination with rapamycin in the APC KRAS 

model, we applied this treatment to more complex mouse models of CRC, bearing further 

mutations prevalent in the human disease. For this, we used APC KRAS organoids also 

lacking Tp53 and Tgfbr1, termed AKPT (VillinCreER Apcfl/fl KrasG12D/+ Tp53fl/fl 

TrgfbrIfl/fl), and organoids isolated from liver metastases from the KPN autochthonous CRC 

model (VillinCreER KrasG12D/+ Tp53fl/fl R26N1ICD) (51). In both cases, eFT508/rapamycin 
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significantly suppressed proliferation (Figures S7J), expanding the efficacy of the treatment 

combination to include additional cancer mutations.

Elevated MNK and mTORC1 signaling predicts poor survival

Next, we investigated the translatability of dual MNK and mTORC1 targeting in patients 

with CRC. Thus, we analyzed patient survival in relation to P-eIF4E and P-RPS6 and treated 

organoids from CRC patients with MNK and mTORC1 inhibitors. Neither P-eIF4E and P-

RPS6 alone associated with survival in the full cohort of CRC patients analyzed (Figure 

S7K). However, when stratified by GMS, P-RPS6 levels were significantly associated with 

poor cancer-specific survival in GMS1 patients (tumors with low inflammatory infiltrate and 

low tumor-stroma percentage) (Figure S7K). GMS1 tumors are highly epithelial, predicted 

to be the least likely to respond to immunotherapy and often have few therapeutic options. 

The pre-clinical mouse models we have used present with highly epithelial tumors, 

correlating well with GMS1 tumors. P-RPS6 and P-eIF4E positively correlate in these 

clinical samples, and our animal data predicts a synergy between the two pathways to 

promote proliferation. We therefore combined the two markers into a single score, 

comparing survival of patients with tumors exhibiting low phosphorylation of one or both 

with patients with high phosphorylation of both markers. GMS1 patients with high MNK 

and mTORC1 signaling had a significantly worse prognosis than those with low 

expression(s) (Figure 7F). Indeed, mean cancer specific survival of ‘both high’ patients was 

more than 3.5 years shorter than ‘one or both low’ patients. These ‘both high’ GMS1 

patients with poor survival accounted for 1 in 5 of the patients in the TMA. Across the full 

cohort signaling through both pathways had no significant advantage, illustrating the 

specificity to GMS1 tumors (Figure S7K).

Finally, we applied MNK and mTORC1 inhibitors to two patient-derived organoid lines 

bearing deletion of APC and KRASG12D mutations (52). These organoids faithfully 

recapitulate patient response to treatments, providing an excellent system for the discovery 

of clinically translatable therapeutics. Both organoid lines were refractory to rapamycin 

treatment but responded to eFT508/rapamycin combination with a 20% reduction in Cell-

Titer Blue activity after 24h (Figure S7L). 30nM eFT508 completely suppressed P-eIF4E in 

these human organoids, and combination treatment resulted in reduced c-MYC expression in 

one of the lines (Figure S7M). Consistent with the effect of eFT508 in these human 

organoids, treatment with merestinib reduced proliferation in combination with rapamycin in 

both lines (Figure S7L). Altogether, the successful co-targeting of mTORC1 and the MNK/

eIF4E pathway used in our pre-clinical mouse models has excellent potential to translate to 

the clinic where we see heightened mTORC1 and MNK signaling correlate with poor 

survival in a population of CRC patients.

Discussion

Although G12C mutants may now be targetable, these only occur 3% of all CRC (4), 

meaning that most KRAS-mutant CRCs lack effective clinical options. To address this, we 

sought to target protein synthesis. We show that activation of KRAS in the mouse intestine 

increases protein synthesis, conferring resistance to rapamycin, consistent with resistance to 
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rapalogs in the clinic (7–9). We show that the mode of action of rapamycin is altered by 

Kras mutation, with translation elongation unaffected but translation initiation suppressed. 

Our data also reveal uncoupling of protein synthesis and proliferation, with reduced 

translation in our APC KRAS model in response to rapamycin but no effect on proliferation. 

We go on to show that signaling pathways regulating the translation machinery are viable 

targets in KRAS-mutant CRC by inhibiting P-eIF4E in combination with rapamycin, which 

reduces proliferation in multiple CRC GEMMs. This combination suppressed expression of 

c-MYC, compromising tumor proliferation, with expression of a human C-MYC transgene 

completely reversing the benefit of treatment. c-MYC expression from the transgene is 

within the physiological range with little-to-no difference in c-MYC levels between 

adenomas from APC KRAS and APC KRAS MYC tumor model mice. We attribute this to 

excessive expression of c-MYC being restrained to protect against MYC-induced apoptosis 

(53).

Within APC KRAS cells, c-MYC expression is maintained by high protein synthesis rates 

and P-eIF4E. Reducing protein synthesis using rapamycin is tolerated by tumors due to P-

eIF4E maintaining c-MYC levels. Similarly, targeting P-eIF4E alone does not suppress c-

MYC expression likely due to the continued translation capacity. However, reducing protein 

synthesis and inhibiting P-eIF4E result in decreased c-MYC expression and less 

proliferation. Inhibition of either mTORC1 or the MNKs has previously been implicated in 

regulation of C-MYC translation (23,54–56) and combination targeting has previously been 

shown to suppress IRES-dependent translation of c-MYC (57). It is noteworthy that the 

human C-MYC transgene used here lacks a 5′-UTR and therefore an IRES, providing an 

avenue for future investigation into the mechanism behind eFT508/rapamycin-dependent 

suppression of c-MYC. Expression of c-MYC protein is restrained by the eIF2B complex in 

the same CRC mouse models used here, with depletion of eIF2B5 resulting in increased c-

MYC expression and MYC-dependent apoptosis (58). This highlights the importance of 

translation in determining c-MYC expression in CRC and, together with our work, positions 

c-MYC modulation downstream of targeting of protein synthesis.

The co-targeting of the MNKs and mTORC1, or other kinases, reduces proliferation or 

colony formation in cell lines from a variety of cancers (20,38,39,59–63). We provide the 

first evidence for efficacy of this drug combination in a pre-clinical in vivo model. The mode 

of action of this drug combination was not fully elucidated in these previous studies; data 

within some are consistent with our observations that targeting of the MNKs and mTORC1 

converges on translation initiation and are consistent with MNK deletion or inhibition 

suppressing global protein synthesis (20,38,39). eFT508 (Tomivosertib) is in phase II 

clinical trials in combination with checkpoint inhibitors against solid tumors including CRC, 

and with paclitaxel in breast cancer. The efficacy of eFT508/rapamycin to suppress 

proliferation and extend survival of mice by over 20-fold shown here is encouraging as a 

potential therapy for KRAS-mutant CRC patients. The combination is also effective in 

patient-derived CRC organoids that faithfully recapitulate drug responses. We also identify a 

population of CRC patients (>45%) with co-occurrence of high mTORC1 and MNK 

signaling and observed that patients with highly epithelial tumors fare significantly worse 

when these pathways are activated.
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In our models, signaling through the MNKs drives cancer cell proliferation in a cell-intrinsic 

manner. MNK inhibition also suppresses neutrophil activation in response to multiple 

stimuli (64), inhibits TNFα production in T cells (65), and, in a breast cancer model, eIF4E 

KI mice have fewer pro-metastatic neutrophils and metastases (66). P-eIF4E also has a 

cancer cell-intrinsic role in promoting PD-L1 expression in a Kras-mutant model of 

hepatocellular carcinoma (24). Targeting P-eIF4E, using eFT508, reduced PD-L1 levels and 

attenuated primary tumor growth and metastasis. It is possible there will be an additional 

benefit of targeting both tumor cell proliferation and immune cell activity via P-eIF4E.

We see high P-eIF4E in ~70% of patients, in agreement with a previous study where P-

eIF4E was seen in ~60% of human CRC samples (67). As well as CRC, P-eIF4E is 

increased in head and neck squamous cell carcinoma (HNSCC) and lung cancer (67). Lung 

adenocarcinomas exhibit mutations in KRAS, and HNSCCs exhibit mutations in its 

paralogue HRAS (68)(69), with MYC expression also important in both tumor types. The 

successful therapeutic regimen used here may be of benefit to patients with RAS-mutant 

cancers that present with elevated levels of P-eIF4E and a reliance on MYC expression. This 

work opens the possibility to address oncogenic RAS signaling across many tumor types by 

targeting its downstream regulators of mRNA translation.

Methods

Materials availability

All mouse strains are, where possible, available on request, but may be subject to payment 

and/or a Materials Transfer Agreement.

Clinical studies

This study was approved by the West of Scotland Research Ethics Committee (16/WS/0207) 

and patient information is held within the Greater Glasgow and Clyde Safe Haven (12/WS/

0142). The TMA used four 0.6mm cores per patient. Tumor staging used the 5th Edition of 

the AJCC/UICC-TNM system. GMS was constructed by combining a tumor-stromal 

percentage and the Klintrup-Mäkinen scores as previously described (11). 192 stage I-III 

patients that underwent curative CRC tumor resection surgery in Glasgow Royal Infirmary, 

Western Infirmary, or Stobhill Hospitals (Glasgow, UK) between 1997 and 2007 were 

included in the study. Patients who died within 30days of surgery or underwent neo-adjuvant 

therapy were excluded. Patients were followed for at least five years post resection, with 49 

cancer deaths. All had valid scores for P-RPS6 S240/4 and 191 for P-eIF4E S209. The TMA 

was stained using a duplex chromogenic immunohistochemistry (IHC) method on a Ventana 

Discovery Ultra autostainer (Roche) using Ventana reagents and detection systems and the 

following antibodies; P-RPS6 S240/4 (Cell Signaling Technology (CST) 5364), P-eIF4E 

S209 (Abcam ab76256) and cytokeratin (Leica AE1/AE3-L-CE). Slides were imaged on a 

Hamamatsu Nanozoomer XR and analyzed using Visiopharm version 2019.02.2.6239. To 

outline tumor regions a supervised K-means clustering app was developed. A decision forest 

app was developed to detect cells within tumors and cytoplasmic staining was binned by 

intensity to calculate a H-Score. ROC curves were constructed in MEDCalC and Youden’s J 

index employed to determine the cut-off between high and low staining for both antibodies.
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Mouse studies

Experiments were performed under license from the UK Home Office (60/4183 and 

70/8646). Mice were genotyped by Transnetyx (Cordova, Tennessee). All colonies were 

inbred C57BL/6J (Generation ≥7), except those with the eIF4ES209A or Rosa26-lsl-MYC 
alleles, which were outbred. Mice were housed in conventional cages with a 12-hour light/

dark cycle and ad libitum access to diet and water. Experiments were performed on males 

and females between 6 and 12 weeks old. Researchers were not blinded. Sample sizes are 

shown in the figures or legends. VillinCreER mediated recombination was induced by 

intraperitoneal (IP) injection of tamoxifen dissolved in corn oil at 80mg/kg (70). For 

orthotopic inductions, 70μL of 100nM 4-OH tamoxifen was injected into the colonic 

submucosa using a TelePack VetX LED endoscope (Karl Storz)(36). Tumor model 

experiments were initiated by single dose of tamoxifen on day 0, mice monitored until signs 

of intestinal disease – weight loss, paling feet from anemia and hunching behavior. For 

treatment when sick experiments, these were initiated when mice had lost >3% of their 

stable weight. Mice were sequentially recruited onto vehicle or drug treatment to ensure no 

bias and equal cohort sizes. Tumors were scored macroscopically after fixation of opened 

intestinal tissue. For short-term experiments, mice wild-type for Kras were induced on 

consecutive days (0 and 1) and subsequently sampled on day4. Mice bearing the KrasG12D 

allele were induced with a single injection of tamoxifen and sampled on day 3 post-

induction. Animals were split into drug treatment groups randomly, ensuring equal gender 

separation between cohorts. Rapamycin (LC Laboratories R-5000) was dosed by daily IP at 

10mg/kg (5). Merestinib (Axon MedChem 2553) was suspended in 10% gum Arabic and 

dosed at 12mg/kg by daily oral gavage (OG)(23). eFT508 (manufactured in house) was 

suspended in 1% methylcellulose, 0.15% Tween-80 and dosed twice daily at 1mg/kg by OG. 

250μL of BrdU cell proliferation labelling reagent (Amersham Bioscience RPN201) was 

administered by IP 2hours prior to sampling.

Histology and immunohistochemistry

Tissue was fixed in formalin and embedded in paraffin. IHC was carried out as previously 

(5), using the following antibodies P-eIF4E S209 (Millipore 04-1058), RPS6 P-S240/4 (CST 

5364), P-4E-BP1 (CST 2855), P-eEF2 T56 (Novus Biologicals NB100-92518), BrdU (BD 

Biosciences 347580), P-eIF4B S422 (AbCam ab59300), c-MYC (Santa Cruz Biotechnology 

Sc-764) and RFP (Tebu Bio 600-401-379). A minimum of 3 biological replicates were 

analyzed and representative images displayed. For BrdU scoring in short-term model 

experiments tissue was fixed in methanol:choloform:acetic acid at a ratio 4:2:1, transferred 

to formalin and embedded in paraffin. For BrdU scoring in the tumor model, formalin-fixed 

paraffin-embedded tissue was analyzed using Halo Software, trained to quantify BrdU-

positive nuclei in epithelial tumor cells as a percentage of all epithelial tumor cells. 

BaseScope analysis was carried out according to the manufacturers guidelines (ACD) using 

custom probes to murine Mnk1 bases 658-789 and Mnk2 bases 727-888.

Cell culture

Organoid cultures were isolated and maintained in Matrigel (Corning 356231). Advanced 

DMEM/F12 media (Life Technologies 12634-028) was supplemented with 5mM HEPES 
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(Life Technologies 15630-080), 2mM L-glutamine (Life Technologies 25030-024), 

100U/mL penicillin/streptomycin (Life Technologies 1540-122), 1x N2 (Invitrogen 

17502-048), 1x B27 (Invitrogen 12587-010), 100ng/mL noggin (Peprotech 250-38) and 

50ng/mL EGF (Peprotech AF-100-15). Patient derived organoids were grown in the same 

media supplemented with 500ng/mL R-spondin (R&D Systems 3474-RS) 10nM gastrin 

(Sigma Aldrich G9145), 100ng/mL Wnt-3A (R&D Systems 5036-WN), 10μM Y-27632 

(Sigma Aldrich Y0503), 0.5μM A83-01 (Peprotech 2939), 5μM SB202190 (Sigma Aldrich 

S7067), 4mM nicotinamide (Sigma Aldrich N0636), 10ng/mL FGF basic (Peprotech 

100-18B), 10ng/mL FGF10 (Peprotech 100-26A), 1μM prostaglandin E2 (Peprotech 2296). 

For cell proliferation assays, cells were plated in 96 well-plates, established for 2-3days 

before using Cell-Titer Blue to measure metabolic capacity as a surrogate for cell number 

(Promega G8080). Drugs (5FU (Mayne Pharma Plc PL04515/0088), Oxaliplatin (Acoord 

Healthcare Ltd PL20075/0112) and rocaglamide (Sigma Aldrich SML0656)) were dosed for 

24hours prior to addition of Cell-Titer Blue for the final 2-6hours. Changes in metabolic 

capacity were normalized to vehicle treated cells. All experiments with organoids were 

performed before passage 20. HCT116 cells were cultures in DMEM supplemented with 

2mM L-glutamine and 10% FBS (Life Technologies). Testing of lines for mycoplasma was 

performed using MycoAlert (Lonza LT07-218).

RNA immunoprecipitation

Organoids were harvested in ice-cold PBS and Matrigel and washed in ice-cold PBS. Lysis 

was in RNA immunoprecipitation (RIP) buffer (20mM Tris-HCL pH 7.5, 200mM NaCl, 

5mM MgCl2, 0.5% Triton X-100, protease inhibitor cocktail (Roche 11836153001), 800U 

RiboLock RNase inhibitor (Thermo Fisher Scientific (TFS) EO0381), 10% BSA, 0.5μM 

DTT, 5μM NaF) and aided by 8x passages through a 21-gauge needle. Lysates were 

centrifuged, supernatant protein concentration determined, and an equal concentration used 

for each RIP. In addition, samples were collected for RNA and protein extraction. 

Antibodies, IgG control (CST 2729), eIF4E (TFS MA1089), and P-eIF4E S209 (Abcam 

ab76256), were incubated with Dynabeads Protein G (TFS 10004D) for 2.5hours. The 

affinity purification was conducted for 30minutes at 4°C with constant rotation, before 

washing 3x with RIP buffer. The resulting elution was split for protein or RNA extraction by 

Trizol (TFS 10296010). RNA integrity was assessed by RNA ScreenTape (Agilent 

Technologies 5067-5576) on 4200 TapeStation System. Flag-eIF4E constructs were 

generated by amplifying human eIF4E from Addgene plasmid #17343 using 5′-

CTGGAGATCTGATGGCGACTGTCGAACCGGAAACCAC-3′ and 5′-

GCGTGGATCCTTAAACAACAAACCTATTTTTAGTGGTGGAGC-3′, digesting with 

BglII and BamHI and ligating into p3x-FLAG-CMV vector (Sigma Aldrich E7533). S209A 

mutation was achieved by site directed mutagenesis using QuikChange Lightning (Agilent 

210518) and the following primers 5′-

CGCAGACAGCTACTAAGAGCGGCGCCACCACTAAAAATAG-3′ and 5′-

CTATTTTTAGTGGTGGCGCCGCTCTTAGTAGCTGTCTGCG-3′. Plasmids were 

transfected into HCT116 cells using Lipofectamine 2000 (TFS 11668019) as per 

manufacturer’s instructions. 24hours post-transfection 30million cells per condition were 

harvested by trypsinization. This was lysed in RIP buffer then the cleared lysates mixed with 

pre-washed anit-Flag antibody conjugated beads (Merck M8823) for 30mins at 4°C, washed 
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then RNA eluted in Trizol. Parallel input samples were retained, and RNA also purified by 

Trizol. p3xFLAG-BAP control plasmid was supplied by Sigma Aldrich.

qPCR

RNA was purified from tissue by RNeasy (Qiagen 74104) following disruption in CK14 

Precellys tubes with on-column DNAse digestion. Purified RNA was reverse transcribed 

(Superscript III) using random hexamers and qPCR performed using the following primers 

for murine transcripts. Mnk1: Fd 5′-CCATCGTGGATTCTGACAAGAG-3′, Rv 5′-

GAACACTCGACTTCGACTGTG-3′. Mnk2: Fd 5′-TCGGGCTACTGACAGCTTCT-3′, 

Rv 5′-GACACAGGTCTGCACACGAG-3′. C-myc: Fd 5′-

CCCAAATCCTGTACCTCGTC-3′, Rv 5′-TTGCCTCTTCTCCACAGACA-3′. ActB: Fd 

5′-GTGACGTTGACATCCGTAAAGA-3′, Rv 5′-GCCGGACTCATCGTACTCC-3′. 

Cyclin D1: Fd 5′-GAGAAGTTGTGCATCTACACTG-3′. Rv 5′-

AAATGAACTTCACATCTGTGGC-3′. Cyclin E: Fd 5′-

GTGGCTCCGACCTTTCAGTC-3′ Rv 5′-CACAGTCTTGTCAATCTTGGCA-3′. Mcl1: 

Fd 5′-GACGACCTATACCGCCAGTC-3′ Rv 5′-AGAGGCTTCGAGTCCTTGGA-3′. 

Snail1: Fd 5′-CACACGCTGCCTTGTGTCT-3′ Rv 5′-GGTCAGCAAAAGCACGGTT-3′. 

Runx2: Fd 5′-AGAGTCAGATTACAGATCCCAGG-3′ Rv 5′-

TGGCTCTTCTTACTGAGAGAGG-3′. Gapdh: Fd 5′-TCCACTGGCGTCTTCACC-3′ Rv 

5′-GGCAGAGATGATGACCCTT -3′. Enpp7: Fd 5′-

GACAGCATAAGCTACTCCTCGT-3′ Rv 5′-GACAGCATAAGCTACTCCTCGT-3′. 

Slc36a1: Fd 5′-GACTACAGTTCCACAGACGTG-3′ Rv 5′-

CCATGTCATGCTACTGCTCTCT-3′. Car4: Fd 5′-TACGTGGCCCCCTCTACTG-3′ Rv 

5′-GCTGATTCTCCTTACAGGCTCC-3′ These primers were used for human transcripts: 

c-MYC: Fd 5′-TACAACACCCGAGCAAGGAC-3′ Rv Fd 5′-

GAGGCTGCTGGTTTTCCACT-3′. Cyclin D1: Fd 5′-

GAGAAGTTGTGCATCTACACTG-3′. Rv 5′-AAATGAACTTCACATCTGTGGC-3′. 

Cyclin E: Fd 5′-ACTCAACGTGCAAGCCTCG-3′ Rv 5′-

GCTCAAGAAAGTGCTGATCCC-3′. MCL1: Fd 5′-GCTCAAGAAAGTGCTGATCCC-3′ 
Rv 5′-TAGCCACAAAGGCACCAAAAG-3′. ACTB: 5′-

GCCAACAGAGAGAAGATGAC-3′ Rv 5′-CGCAAGATTCCATACCCAGG-3′. TUBA1B: 

Fd 5′-AGCATCCAGTTTGTGGATTGGTGC-3′ and Rv 5′-

CAAAGGCACGCTTGGCATACATCA-3′. GAPDH: Fd 5′-

CTATAAATTGAGCCCGCAGCC-3′ Rv Fd 5′-ACCAAATCCGTTGACTCCGA-3′.

RNA sequencing

Libraries for cluster generation and DNA sequencing were prepared following a previously 

described method (71) using a TruSeq RNA sample prep kit v2 (Illumina), then run on an 

Illumina NextSeq using the High Output 75 cycles kit (2x36 cycles, paired end reads, single 

index). Raw sequence quality was assessed using FastQC version 0.11.8, then sequences 

were trimmed to remove adaptor sequences and low-quality base calls, defined as those with 

a Phred score of less than 20, using Trim Galore version 0.6.4. Trimmed sequences were 

aligned to mouse genome build GRCm38.98 using HISAT2 version 2.1.0 and raw counts per 

gene were determined using FeatureCounts version 1.6.4. Differential expression analysis 

was performed using the R package DESeq2 version 1.22.2, then pathway analysis was 
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performed on significantly changed genes (defined as FDR <0.05) using the R package 

ReactomePA version 1.26.0. The data discussed in this publication have been deposited in 

NCBI’s Gene Expression Omnibus, accessible through GEO Series accession number 

GSE159432.

Western blotting

Samples were lysed (10mM Tris (pH 7.5), 50mM NaCl, 0.5% NP40, 0.5% SDS 

supplemented with protease inhibitor cocktail, PhosSTOP (Roche 04906837001) and 

benzonase (Sigma Aldrich E1014) on ice and protein quantity estimated by BCA assay (TFS 

23225). 20μg of protein were denatured in SDS loading dye then resolved by 4-12% SDS-

PAGE (Invitrogen NP0336BOX). Protein was transferred to nitrocellulose and 

immunoblotted overnight at 4°C using the following antibodies; eIF4E (CST 2067), P-eIF4E 

S209 (CST 9741), RPS6 (CST 2317) RPS6 P-S240/4 (CST 5364), 4E-BP1 (CST 9644), 

eEF2 (CST 2332), P-eEF2 T56 (CST 2331), eIF4B (CST 3592), P-eIF4B S422 (CST 3591), 

eIF4G1 (CST 2498), P-eIF4G1 S1108 (CST 2441), FLAG (Abcam ab1162), vinculin 

(ab18058 Abcam), and β-actin (Sigma Aldrich A2228). HRP-conjugated secondary 

antibodies (Dako P0447, P0448) were incubated for 1 hour at room temperature then 

membranes were exposed to autoradiography films in ECL (TFS 32106). Quantification was 

performed using Image J (NIH).

Sucrose density gradients

Organoids were replenished with medium for 6hours then medium spiked with 200μg/mL 

cycloheximide (Sigma Aldrich C7692) 3minutes prior to harvesting on ice. Crypt fractions 

were isolated by epithelial extraction from 10cm of proximal small intestine. Villi were 

removed by incubating PBS-flushed linearly opened intestines in RPMI media (TFS 

21875059) supplemented with 10mM EDTA and 200μg/mL cycloheximide for 7minutes at 

37°C with regular agitation. Crypts were then isolated by transferring tissue to ice-cold PBS 

containing 10mM EDTA and 200μg/mL cycloheximide for 7minutes. The remaining tissue 

was then discarded. Samples were lysed (300mM NaCl, 15mM MgCl2, 15mM Tris pH 7.5, 

100μg/mL cycloheximide, 0.1% Triton X-100, 2mM DTT and 5U/mL SUPERaseIn (TFS 

AM2696)) on ice and post-nuclear extracts layered on 10-50% weight/volume sucrose 

gradients containing the same buffer with no Triton X-100, DTT, or SUPERaseIn. Gradients 

were spun at 255,000rcf for 2hours at 4°C under a vacuum in an SW40Ti rotor. After 

centrifugation, samples were separated through a 254nM optical density reader (ISCO). 

Polysome to subpolysome (P:S) ratios were calculated using the trapezoid method with the 

boundaries defined manually. For harringtonine run-off analyses, cultures were prepared in 

duplicate, one pretreated with 2μg/mL harringtonine (Santa Cruz Biotechnology sc-204771) 

for 5minutes (300seconds) prior to cycloheximide addition, then both processed as above. 

Run-off rates were calculated as the P:S ratio without harringtonine over the P:S ratio with 

harringtonine.

35S-methionine labelling

Organoids were analyzed during optimal growth phase, 3days after splitting, and 6hours 

after a media change. 35S-methionine (Perkin Elmer NEG772002MC) was spiked at 

30μCi/mL for 30minutes prior to harvesting and lysed using the western blotting buffer. 
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Protein was precipitated in 12.5% (w/v) trichloroacetic acid onto glass microfiber paper 

(Whatmann 1827-024) using a vacuum manifold and washed with 70% ethanol and acetone. 

Scintillation was read on a Wallac MicroBeta TriLux 1450 counter using Ecoscint (SLS Ltd 

LS271) and normalized to total protein content determined by the BCA assay. Protein 

synthesis rate was expressed as scintillation over protein content (CPM / μg/mL protein) 

relative to a control sample set to 1.

Statistical analysis

Statistical analyses and n numbers are outlined in each Figure or its legend. In all cases, P 
values equal to or less than 0.05 were considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Statement of significance

KRAS mutation and elevated c-MYC are widespread in many tumors but remain 

predominantly un-targetable. We find that mutant KRAS modulates translation, 

culminating in increased expression of c-MYC. We describe an effective strategy 

targeting mTORC1 and MNK in KRAS-mutant mouse and human models, pathways 

which are also commonly co-upregulated in CRC.
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Figure 1. Oncogenic KRAS results in aggressive rapamycin-resistant Apc-deficient tumor models
(A) Left, BrdU incorporation in the small intestine of vehicle- or rapamycin-treated Apcfl/fl 

and Apcfl/fl KrasG12D/+ short-term model mice at 4- and 3-days post induction, respectively. 

Mice were injected with BrdU 2hours prior to sampling. ≥25 half crypts were counted per 

mouse with each point representing a biological replicate. P values are from one-way 

ANOVA Tukey’s multiple comparisons tests. Right, micrographs show representative H&E 

and BrdU staining. Red line marks the extent of the proliferative zone. (B) Top, schematic of 

treatment timeline. Bottom, survival of Apcfl/+ KrasG12D/+ tumor model mice treated with 
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rapamycin or vehicle daily from 5days post-induction. (C) Top, schematic of treatment 

timeline. BrdU incorporation scored in small intestinal tumors from Apc1322T/+ mice treated 

with rapamycin for 10days, with and without RosaCreER driven KRASG12D activation 7days 

after starting rapamycin. The average % BrdU positivity was scored in ≥2 adenomas per 

mouse with each point representing a biological replicate. P values are from one-way 

ANOVA Tukey’s multiple comparisons tests. Representative images of tumors (dashed 

lines) stained for BrdU antibody are shown. Proliferation in untreated mice is shown for 

comparison (left bar). All data are represented as mean ± S.E.M. Scale bars, 50μm. See also 

Figure S1.
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Figure 2. Translation and proliferation are uncoupled following Kras mutation
(A) Growth of Apcfl/fl or Apcfl/fl KrasG12D/+ organoids, following 30hour treatment with 

1μM rapamycin, relative to vehicle-treated organoids. Technical triplicates were performed 

and averaged to show the biological replicates as plotted. P values are from paired student t 

tests. The relative growth for untreated Apcfl/fl and Apcfl/fl KrasG12D/+organoids is set as 0. 

(B) Protein synthesis in small intestinal organoids of the indicated genotypes following 

6hours of treatment with 250nM rapamycin or vehicle. Values are from 3 independent 
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biological replicates ±SEM, represented relative to Apcfl/fl vehicle treated organoids. P 
values are from paired student t tests or a Mann Whitney test. See also Figure S2.
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Figure 3. P-eIF4E is increased by Kras mutation and synergizes with mTORC1 to promote 
proliferation
(A) Immunohistochemistry (IHC) staining for P-eIF4E in short-term model (left 2 panels) 

and tumor model colonic adenomas (right 2 panels) from Apcfl/fl or + and Apcfl/fl or + 

KrasG12D/+ mice. Dashed line denotes adenoma boundary. Images are representative of ≥3 

biological replicates. (B) Top, schematic of treatment timeline. Apcfl/+ KrasG12D/+ and 

Apcfl/+ KrasG12D/+ Eif4eS209A/S209A tumor model mice were allowed to develop symptoms 

of intestinal tumors, treated with rapamycin for 5days, and then sampled 2hours after BrdU 

administration. Bottom, BrdU incorporation into colonic epithelial adenoma cells quantified 
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from a minimum of 4 tumors per mouse, with each point representing a biological replicate 

P values are from one-way ANOVA Tukey’s multiple comparisons tests (C) Bottom, 

quantification of BrdU incorporation in Apcfl/fl KrasG12D/+ Eif4eS209A/S209A short-term 

model mice treated with rapamycin or vehicle. Top, representative H&E, BrdU and P-eIF4E 

staining for each treatment, with red bar showing extent of proliferation. ≥25 half crypts 

were quantified per mouse, with the average for each mouse plotted in the figure. P value is 

from a Mann Whitney test. (D) Representative images of staining for P-eIF4E and P-RPS6 

each duplexed with cytokeratin from a TMA of colorectal cancer patients. Examples of high 

and low staining are shown for each. (E) Correlation between P-eIF4E and P-RPS6 from the 

TMA shown in (D). Significance was tested using X 2-test. All data are represented as mean 

± S.E.M. Scale bars, 50μm. See also Figure S3.
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Figure 4. Mnk deletion suppresses mutant KRAS-driven tumor proliferation in combination with 
rapamycin treatment
(A) IHC for P-eIF4E in the small intestine of Apcfl/fl KrasG12D/+ short-term model mice 

with deletion of Mnk1, Mnk2 or both Mnk1 and Mnk2. Right, quantification of this P-eIF4E 

staining. (B) BaseScope analysis of Mnk1 and Mnk2 expression in Apcfl/fl and Apcfl/fl 

KrasG12D/+ small intestines. (C) qPCR for Mnk1 and Mnk2 in Apcfl/fl and Apcfl/fl 

KrasG12D/+ small intestines. Levels are expressed relative to Actb mRNA expression. (D) 

Top, schematic of treatment timeline. Apcfl/+ KrasG12D/+ and Apcfl/+ KrasG12D/+ Mnk1-/- 

Mnk2-/- tumor model mice were aged until symptoms of intestinal tumors, and then treated 
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with rapamycin or vehicle until endpoint. Survival is plotted as the number of days on 

rapamycin or vehicle treatment. P value is from a Log-rank Mantel-Cox test. (E) BrdU 

incorporation scored from small intestines of Apcfl/fl KrasG12D/+ and Apcfl/fl KrasG12D/+ 

Mnk1-/- Mnk2-/- short-term model mice, treated with and without rapamycin. Apcfl/fl 

KrasG12D/+ data are reproduced from Figure 1A, for ease of comparison. ≥25 half crypts 

were quantified per mouse, with the average for each mouse plotted in the figure shown. P 
values are from one-way ANOVA Tukey’s multiple comparisons tests. Horizontal line 

represents the average for Apcfl/fl KrasG12D/+ mice. (F) Survival plot following orthotopic 

induction in the distal colon of Apcfl/fl KrasG12D/+ (n=3) or Apcfl/fl KrasG12D/+ Mnk1-/- 

Mnk2-/- mice (n=4). A cohort of Apcfl/fl KrasG12D/+ Mnk1-/- Mnk2-/- mice was also treated 

with rapamycin from day 16 (n=4), indicated by vertical dashed line. Colonic polyps were 

imaged by colonoscopy on the days shown. P value is from a Log-rank Mantel-Cox test. An 

Apcfl/fl KrasG12D/+ Mnk1-/- Mnk2-/- mouse on rapamycin was censored at 100days post 

induction not related to procedure and two were censored at the end of study at 202days post 

induction. All data are represented as mean ± S.E.M. Scale bars, 50μm. See also Figure S4.
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Figure 5. Translation of C-myc requires P-eIF4E and active mTORC1 signaling
(A) Validation of immunoprecipitation (IP) of total eIF4E or P-eIF4E by western blotting 

(WB) for each respective target. (B) Top, schematic showing that total eIF4E antibody 

precipitates both phosphorylated and non-phosphorylated eIF4E, whereas P-S209 eIF4E 

antibody specifically precipitates the phosphorylated form. Bottom, qPCR for mRNA targets 

using RNA eluted from the eIF4E, P-S209 eIF4E IPs or IgG control precipitation which 

eluted no eIF4E. Data are plotted as the linearized Ct values for the RNA IP subtracted from 

the Ct value for the Input. The grey line in each graph is value for the Gapdh transcript. All 

Knight et al. Page 33

Cancer Discov. Author manuscript; available in PMC 2021 July 21.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



data are the average of 4 biological replicates. Significance was tested by paired student t 

test (C) IHC for c-MYC in adenomas from Apcfl/+ KrasG12D/+ or Apcfl/+ KrasG12D/+ 

Mnk1-/- Mnk2-/- mice treated with or without rapamycin for 5days prior to sampling. 

Staining intensity was quantified using nuclear c-MYC H-scores shown in the adjacent 

graph. The average H-score from at least 7 adenomas per mouse, with each point shown a 

biological replicate. P values are from one-way ANOVA Tukey’s multiple comparisons tests. 

All data are represented as mean ± S.E.M. Scale bars, 50μm. See also Figure S5.
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Figure 6. Targeting the MNKs with eFT508 combines with rapamycin to suppress the APC 
KRAS phenotype
(A) BrdU incorporation in Apcfl/fl KrasG12D/+ short-term model mice treated with eFT508 

or eFT508 in combination with rapamycin. ≥25 half crypts were quantified per mouse, with 

the average for each mouse plotted in the figure shown. P value is from one-way ANOVA 

Tukey’s multiple comparisons tests. (B) Apcfl/+ KrasG12D/+ tumor model mice were treated 

with eFT508 alone, or in combination with rapamycin for 5days, after presenting with 

symptoms of intestinal adenomas. BrdU was administered 2hours prior to sampling then the 

percentage of BrdU-positive adenoma cells was quantified. ≥5 adenomas were analyzed per 
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mouse then the average of these plotted in the graph. Each point represents a biological 

replicate. P value is from one-way ANOVA Tukey’s multiple comparisons tests. (C) 

Micrographs showing representative staining for BrdU incorporation and P-eIF4E and c-

MYC levels from (B). (D) Quantification of c-MYC staining in (C) by H-score. P value is 

from one-way ANOVA Tukey’s multiple comparisons tests. (E) Left, schematic of treatment 

timeline. Right, Apcfl/+ KrasG12D/+ tumor model mice treated as in (B) and allowed to age 

on treatment until clinical endpoint. P value is from a Log-rank Mantel-Cox test. (F) Apcfl/fl 

KrasG12D/+ organoids were treated with eFT508 (30nM) or eFT508 in combination with 

rapamycin (250nM) for 24hours, and the change in growth compared with vehicle-treated 

cells. Each data point represents an independent biological replicate, which is the average of 

3 technical triplicates. P value is from a paired student t test. All data are represented as 

mean ± S.E.M. Scale bars, 50μm. See also Figure S6.
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Figure 7. Expression of a human C-MYC transgene completely reverses the beneficial effect of 
eFT508/rapamycin treatment in vivo.
(A) Top, indicator of c-MYC variants expressed. Apcfl/+ KrasG12D/+ R26-lsl-MYC tumor 

model mice were treated with eFT508 in combination with rapamycin for 5days after 

presenting with symptoms of intestinal adenomas. BrdU was administered 2hours prior to 

sampling and the percentage of BrdU-positive adenoma cells quantified. Data for Apcfl/+ 

KrasG12D/+ control mice are reproduced from Figure 6B for ease of comparison. % BrdU 

positivity was averaged in at least 5 adenomas per mouse, with each point representing an 

individual mouse. P values are from one-way ANOVA Tukey’s multiple comparisons tests. 
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(B) c-MYC staining (bottom) and H-score quantification (top) in adenomas from Apcfl/+ 

KrasG12D/+ and Apcfl/+ KrasG12D/+ R26-lsl-MYC tumor model mice after 5days of 

treatment with eFT508/rapamycin. C-MYC H-Score was determined for ≥7 adenomas per 

mouse then the average plotted on the graph shown. P values are from one-way ANOVA 

Tukey’s multiple comparisons tests. (C) Top, indicator of c-MYC variants expressed. BrdU 

incorporation in Apcfl/fl KrasG12D/+ R26-lsl-MYC short-term model mice treated with 

eFT508 in combination with rapamycin. BrdU incorporation values for Apcfl/fl KrasG12D/+ 

mice treated with eFT508/rapamycin are reproduced from Figure 6A. ≥25 half crypts were 

scored per mouse then the average plotted as an individual point on the graph. P values are 

from one-way ANOVA Tukey’s multiple comparisons tests. (D) Top, indicator of c-MYC 

variants expressed. Growth of Apcfl/fl KrasG12D/+ or Apcfl/fl KrasG12D/+ R26-lsl-MYC 
organoids treated with eFT508 (30nM) and rapamycin (250nM) for 24hours compared to 

growth of vehicle-treated counterparts. Technical triplicates were averaged for 3 independent 

organoid lines, with these average values represented by each point on the graph. P value is 

from paired student t test. (E) REACTOME pathway plot showing significantly positively 

enriched pathways in RNA sequencing between rapamycin/eFT508 treated Apcfl/fl 

KrasG12D/+ R26-lsl-MYC compared to Apcfl/fl KrasG12D/+ intestines. The gene ratio 

indicates the fraction of genes in a pathway that are regulated, with the absolute number 

shown by circle size. The circle color indicates the significance of enrichment. (F) Kaplan-

Meier survival curve of cancer-specific survival for GMS1 patients staining low for one or 

both of P-RPS6 S240/4 and P-eIF4E S209 (n=46) compared to those staining high for both 

markers (n=42). Median survival is annotated on each line. Significance was determined by 

Log-Rank test. All data are represented as mean ± S.E.M. Scale bars, 50μm. See also Figure 

S7.
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