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Figure 1. Rpl24Bst mutation slows translation elongation but does not affect homeostasis in the intestinal epithelium. (A) Schematic representation of 
experimental procedure. Intestines from wild- type or Rpl24Bst/+ mice were analysed by histology or processed to make intestinal organoids. (B) Staining 
for H&E, BrdU, RPL24, and P- eEF2 T56 in sections from the small intestines of wild- type and Rpl24Bst/+ mice. Red brackets in P- eEF2 staining indicate 
crypts and villi, corresponding to quantification to the right. Bars represent 50 µm. Graphs on the right show scoring for BrdU- positive cells, and H- 

Figure 1 continued on next page
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score calculated for RPL24 and P- eEF2 T- 56, plotted ± standard error of the mean (SEM). Significance was determined by one- tailed Mann–Whitney U 
test. (C) Micrographs of small intestinal organoids generated from wild- type or Rpl24Bst/+ mice. (D) Protein synthesis rate quantified by 35S- methionine 
incorporation in wild- type or Rpl24Bst/+ organoids (n = 3), expressed relative to the wild- type protein synthesis rate (=1). Data are from three biologically 
independent organoid lines for each genotype represented ± SEM with significance determine by Mann–Whitney U test. (E) Representative polysome 
profiling from wild- type or Rpl24Bst/+ organoids. Average polysome:subpolysome ratios from three independent organoid lines per genotype are shown 
above each profile ± SEM. (F) Western blotting from protein lysates generated from three biologically independent organoid lines for each genotype. 
Values for RPL24 expression relative to β-actin and P- eEF2 T56 relative to eEF2 are shown under each lane. The average of the wild- type lanes in both 
cases has been set to 1. There is a 47% reduction in RPL24 and a 66% increase in P- eEF2 T56 in the Rpl24Bst/+ organoids. (G) Schematic of the potential 
role of RPL24 in regulating protein synthesis via eEF2. All scale bars are 50 μm.

Figure 1 continued
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Figure 1—figure supplement 1. Rpl24Bst mutation does not affect intestinal homeostasis. (A) Representative images of staining for intestinal 
lineages and translation associated phosphorylation sites – P- 4E- BP1 T37/46, P- RPS6 S240/4, and P- eIF2α S51 of intestinal sections from wild- type and 
Rpl24Bst/+ mice. Olfm4 defines stem cells, lysozyme for Paneth cells, and AB/PAS (Alcian blue/periodic acid- Schiff) for goblet cells. Bars represent 
50 µm. (B) H- Score quantification of P- RPS6 S240/4, P- 4E- BP1 T37/46, and P- eIF2α S51 from the same experiment as in (A). (C) BrdU staining of the 

Figure 1—figure supplement 1 continued on next page
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medial colon from wild- type and Rpl24Bst mice, top, with scoring of BrdU- positive cells per half crypt/villus axis below. Scores are from 3 mice per 
genotype, each plotted as the average of at least 20 axes. All scale bars are 50 μm.

Figure 1—figure supplement 1 continued
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Figure 1—figure supplement 2. Rpl24Bst mutation does not alter proliferation in organoids or the 60S:40S ratio, but does suppress regeneration 
post irradiation. (A) Organoids either wild- type of mutant for Rpl24Bst were grown over 4 days and the change in growth plotted relative to day 1. 
Triplicate independent lines were used for each genotype, with the average of these plotted on the graph ± standard error of the mean (standard error 
of the mean, SEM). Lack of significance was determined by Mann–Whitney U test. (B) Area under the curve for 40S and 60S ribosomal subunits was 
determined from the traces in Figure 1E. Data are from three independent biological replicates ± SEM. (C) Wild- type or Rpl24Bst mice were given 
10 Gy of irradiation then sampled 72 hr later. The number of regenerative crypts was quantified from at least six cross sections and the average plotted 
relative to wild- type regeneration set as 1 (n = 4 per genotype). Micrograph insets show representative sections of intestine for wild- type (black box) and 
Rpl24Bst/+ (green box) mice. Red arrows indicate regenerating crypts. Bars represent 50 µm. Data are represented as the mean ± SEM with significance 
determined by Mann–Whitney U test. All scale bars are 50 μm.
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Figure 2. Rpl24Bst mutation suppresses proliferation and extends survival in an Apc- deficient Kras- mutant mouse model of colorectal cancer (CRC). 
(A) Schematic representation of experimental protocols. VillinCreER Apcfl/fl KrasG12D/+ or VillinCreER Apcfl/fl KrasG12D/+ Rpl24Bst/+ mice were induced by 
intraperitoneal injection of tamoxifen at 80 mg/kg then intestinal tissue analysed 3 days later. Tissue was taken for histological analysis or processed into 
intestinal organoids. (B) Quantification of BrdU incorporation in small intestinal crypt/villus axes following deletion of Apc and activation of Kras, with (n 

Figure 2 continued on next page
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= 4) or without (n = 3) Rpl24Bst mutation. Data are represented as the mean number of BrdU- positive cells per half crypt/villus from >20 axes per mouse 
± standard error of the mean (SEM). Significance was determined by Mann–Whitney U test. (C) Representative images of intestines from the same 
experiment as in (B), stained for H&E, BrdU, P- eEF2 T56, and RPL24. The red bar on the H&E images indicates the extent of the proliferative zone. Bars 
represent 50 µm. (D) Apcfl/fl KrasG12D/+ organoids with or without Rpl24Bst mutation were grown for 4 days and growth relative to day 1 determined by Cell- 
Titer Blue assay. Data show the mean ± SEM of n = 3 independent organoid lines. Significance was determined by one- tailed Mann–Whitney U test. 
(E) Top: schematic of experimental protocol. VillinCreER Apcfl/+ KrasGG12D/+ or VillinCreER Apcfl/+ KrasGG12D/+ Rpl24Bst/+ mice induced with 80 mg/kg tamoxifen 
then monitored until clinical endpoint. Survival plot for these genotypes for the days post- induction that they reached endpoint. The median survival 
and n number for each cohort are shown and significance determined by Mantel–Cox test. Censored subjects were removed from the study due to non- 
intestinal phenotypes. All scale bars are 50 μm.

Figure 2 continued
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Figure 2—figure supplement 1. 
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Figure 2—figure supplement 2. Rpl24Bst mutation leads to increased eEF2 phosphorylation and suppresses 
proliferation in colorectal cancer models. 
 (A) Top: schematic representation of experimental approach. VillinCreER Apcfl/fl KrasG12D/+, VillinCreER Apcfl/fl KrasG12D/+ 
Rpl24Bst/+, or VillinCreER Apcfl/fl KrasG12D/+ Rpl24Bst/+ Eef2kD273A/D273A mice were induced by intraperitoneal injection of 
tamoxifen at 80 mg/kg then intestinal tissue analysed 3 days later. Bottom: staining for P‐4E‐BP1 T37/46, P‐RPS6 

Figure 2—figure supplement 2 continued on next page
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S240/4, and P‐eIF2α S51 from the genotypes above. VillinCreER Apcfl/fl KrasG12D/+ Rpl24Bst/+ Eef2kD273A/
D273A intestines were not stained for P‐eIF2α S51. Right: H‐score quantification for P‐eEF2 T56 (matched to 
images shown in Figures 2C and 5C), P‐4E‐BP1 T37/46, P‐RPS6 S240/4, and P‐eIF2α S51 . Small intestines from 
at least three animals from each genotype (Apcfl/+ KrasG12D/+, Apcfl/+ KrasG12D/+ Rpl24Bst/+, and Apcfl/
fl KrasG12D/+ Rpl24Bst/+ Eef2kD273A/D273A) were stained and the intensity quantified from the proliferative 
crypt region. Data are plotted ± standard error of the mean (standard error of the mean, SEM). Significance was 
determined by one‐way analysis of variance (ANOVA) with Tukey’s multiple comparison. (B) Left: representative 
micrograph images of each genotype stained for BrdU in the medial colons of VillinCreER Apcfl/fl KrasG12D/+ 
and VillinCreER Apcfl/fl KrasG12D/+ Rpl24Bst/+ mice. Right: scores for BrdU positivity from 4 mice per genotype, 
each plotted as the average of at least 20 half crypt/villi. Significance was determined by Mann–Whitney U test. 
(C) Top: schematic showing the generation of colonic adenoma cultures, where VillinCreER Apcfl/+ KrasG12D/+ 
and VillinCreER Apcfl/+ KrasG12D/+ Rpl24Bst/+ mice were induced and aged until colonic tumours were present. 
Individual adenomas were then excised and cells isolated. Bottom: growth of these cultures over 4 days, plotted 
relative to day 1. Biologically independent triplicate organoid lines were used, with the averages plotted ± SEM. 
Significance was tested by Mann–Whitney U test. (D) Tumour number (left) and total tumour volume (right) for 
indicated tumour models. Each point represents and individual mouse. From left to right n = 16, 11, 21, 13, 19, and 
8 mice. All scale bars are 50 μm.

Figure 2—figure supplement 2 continued
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Figure 3. Rpl24Bst mutation slows translation elongation in Apc- deficient Kras- mutant mouse models of colorectal cancer (CRC). (A) Schematic 
representation of experimental approach. VillinCreER Apcfl/fl KrasG12D/+ or VillinCreER Apcfl/fl KrasG12D/+ Rpl24Bst/+ mice were induced by intraperitoneal injection 
of tamoxifen at 80 mg/kg then intestinal tissue analysed 3 days later. Intestines were enriched for crypt epithelium for sucrose density analysis or 
processed into intestinal organoids. (B) Representative sucrose density polysome profiles generated from Apcfl/fl KrasG12D/+ intestinal extracts with or 

Figure 3 continued on next page



  Research article     Cancer Biology | Cell Biology

Knight et al. eLife 2021;10:e69729. DOI: https://doi.org/10.7554/eLife.69729  13 of 32

without the Rpl24Bst mutation. Subpolysomal components (40S, 60S, and 80S) and polysomes are labelled, with the polysomes also split pictorially 
into light and heavy. (C) Quantification of the heavy:light polysome ratio from the experiment in (B). Data show the mean of analysis from three mice 
± standard error of the mean (standard error of the mean, SEM) with significance determined by one- tailed Mann–Whitney U test. (D) Relative protein 
synthesis rate quantified by 35S- methionine incorporation in Apcfl/fl KrasG12D/+ three biologically independent organoid lines either wild- type or mutant 
for Rpl24Bst. Data are represented ± SEM with significance determine by Mann–Whitney U test. (E) Ribosome run- off rate determined in Apcfl/fl KrasG12D/+ 
small intestinal organoid lines either wild- type or mutant for Rpl24Bst (n = 3 per genotype). Data are represented as the mean of three biological 
replicates ± SEM with significance determine by Mann–Whitney U test. Raw data are available in Figure 3—figure supplement 1A. (F) Schematics 
of the regulation of protein synthesis and tumour proliferation downstream of RPL24. Smaller RPL24 in bottom scheme represents reduced RPL24 
expression. ‘P’ represents phosphorylation of eEF2.

Figure 3 continued
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Figure 3—figure supplement 1. The effect of Rpl24Bst mutation on translation and ribosome composition. (A) Representative polysome profiles from 
Apcfl/fl KrasG12D/+ or Apcfl/fl KrasG12D/+ Rpl24Bst/+ small intestinal organoid cultures, pre- treated with harringtonine for 5 min/300 s (H300) or untreated (H0). 
These traces were analysed for the run- off rates shown in Figure 3E. (B) Representative polysome profiles from Apcfl/+ KrasGG12D/+ or Apcfl/+ KrasGG12D/+ 
Rpl24Bst/+ colonic adenoma cultures (left) and quantification of the polysome to subpolysome ratio from these (right). Two biologically independent lines 

Figure 3—figure supplement 1 continued on next page
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were analysed per genotype and plotted ± standard error of the mean (SEM). Scheme above denotes the generation of adenoma cultures from distinct 
colonic tumours in aged VillinCreER Apcfl/+ KrasGG12D/+ and VillinCreER Apcfl/+ KrasGG12D/+ Rpl24Bst/+ mice. (C) Relative protein synthesis rates quantified by 
35S- methionine incorporation in the colonic adenoma cultures described in (B) with n = 3. The average protein synthesis rates were plotted relative to 
Apcfl/+ KrasGG12D/+ controls (=1) for three organoid lines per genotype ± SEM. Significance was determined by Mann–Whitney U test. (D) 60S to 40S ratio 
from sucrose density gradients from lysates generated from the indicated genotypes. Data show the mean ± SEM. Representative traces are shown in 
Figure 3B and S4D. (E) Western blotting from protein lysates generated from three biologically independent organoid lines for each genotype. Mean 
values for RPL24, RPL10, RPL22, and RPS6 expression relative to β-actin and P- eEF2 T56 relative to eEF2 are shown next to the relevant blot ± SEM. The 
average of the VillinCreER Apcfl/+ KrasGG12D/+ lanes in all cases has been set to 1.

Figure 3—figure supplement 1 continued
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Figure 3—figure supplement 2. Assocation of ribosomal proteins with the ribosomes in Rpl24Bst mutant and wild- type organoids. Top: protein purified 
from sucrose density gradients performed on VillinCreER Apcfl/+ KrasGG12D/+ and VillinCreER Apcfl/+ KrasGG12D/+ Rpl24Bst/+ organoids was resolved by sodium 
dodecyl sulphate–polyacrylamide gel electrophoresis (SDS–PAGE) and western blot performed for ribosomal proteins and β-tubulin, as a non- ribosomal 
control. Fractions within the gradient are annotated as non- ribosomal (non- ribo), 40S, 60S, 80S, and polysomes. Data are representative of three 
independent biological replicates. These gradients were also used in the analysis shown in Figure 3A, E, with these being the H0 replicates from that 
experiment. Bottom: quantification of RPL24 and RPL10 abundances, as a percentage of total cytoplasmic protein, across gradients from VillinCreER Apcfl/+ 
KrasGG12D/+ and VillinCreER Apcfl/+ KrasGG12D/+ Rpl24Bst/+ organoids. Circles show individual values from three replicates with bars plotting the mean of these 
± standard error of the mean (standard error of the mean, SEM).
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Figure 4. Rpl24Bst mutation does not suppress proteins synthesis or proliferation in Apc- deficient Kras wild- type mouse models of colorectal cancer 
(CRC). (A) Schematic representation of experimental approach. VillinCreER Apcfl/fl or VillinCreER Apcfl/fl Rpl24Bst/+ mice were induced by two intraperitoneal 
injection of tamoxifen at 80 mg/kg on days 0 and 1 then intestinal tissue analysed on day 4. Intestines were analysed histologically or intestinal 
organoids generated. (B) Top: representative micrographs showing proliferation as BrdU positivity and extent of proliferation as a red bar in H&E 

Figure 4 continued on next page
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image. RPL24 and P- eEF2 T56, staining is also shown for each genotype. Bars represent 50 µm. Below: BrdU scoring from Apcfl/fl or Apcfl/fl Rpl24Bst/+ 
mouse intestines and H- scores for RPL24 and P- eEF2 T56 protein levels. For BrdU scoring BrdU was administered 2 hr before sampling and at least 20 
half crypt/villus axes were scored per animal and the mean plotted ± standard error of the mean (standard error of the mean, SEM). (C) ApcMin/+ tumour 
model survival curve, for mice with and without Rpl24Bst mutation. Lack of a significant difference was determined by Mantel–Cox test. (D) Relative 
growth of Apcfl/fl and Apcfl/fl Rpl24Bst/+ small intestinal organoids over 3 days, measure by Cell- Titer Blue assay. The average change in proliferation is 
plotted from three independent biological replicates per genotype. (E) Relative protein synthesis rates quantified from 35S- methionine incorporation into 
Apcfl/fl, Apcfl/fl treated with 250 nM rapamycin for 24 hr and Apcfl/fl Rpl24Bst/+ small intestinal organoids. Significant changes were calculated by one- way 
analysis of variance (ANOVA) with Tukey’s multiple comparison. N = 3 per genotype with the mean protein synthesis rate for each genotype plotted 
± SEM. (F) Relative expression of ribosomal protein mRNAs in VillinCreER Apcfl/fl and VillinCreER Apcfl/fl KrasG12D/+ whole intestine samples, where wild- type 
tissue has been normalised to 1. The fold increase in expression from Apcfl/fl to Apcfl/fl KrasG12D/+ samples for Rpl24 and the average of all other RP mRNAs 
are shown. Statistical analysis was by one sample t- test of the other RP mRNA fold changes using the fold change for Rpl24 mRNA as the hypothetical 
mean. All scale bars are 50 μm.

Figure 4 continued
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Figure 4—figure supplement 1. Rpl24Bst mutation has no benefit in a model of colorectal cancer (CRC) with wild- type Kras. (A) Left: staining for BrdU 
in the medial colons of VillinCreER Apcfl/fl and VillinCreER Apcfl/fl Rpl24Bst/+ mice. Bottom: scores are from 3 and 5 mice per genotype, each plotted as the 
average of at least 20 half crypt/villi. Lack of significance was determined by Mann–Whitney U test. (B) Left: schematic of experiment, VillinCreER Apcfl/+ 
mice with or without Rpl24Bst mutation were induced then aged until showing signs of intestinal tumours. Right: survival curve from the VillinCreER Apcfl/+ 
tumour model, with and without Rpl24Bst mutation. Censored subjects were sampled for health reasons not relating to the intestine. Lack of a significant 
difference was determined by Mantel–Cox test. All scale bars are 50 μm.



  Research article     Cancer Biology | Cell Biology

Knight et al. eLife 2021;10:e69729. DOI: https://doi.org/10.7554/eLife.69729  20 of 32

0
5

10
15
20
25
30
35
40
45
50

0 2 4 6 8 10
0

10

20

30

40

50

60

70

0 2 4 6 8 10

40S 60S

80S

Polysomes

O
D 

25
4n

m

Apcfl/fl

Apcfl/fl Rpl24Bst/+

Relative density
0.0

0.2

0.4

0.6

0.8

Po
ly

so
m

e:
Su

bp
ol

ys
om

e
ra

tio

Epithelial extraction 

B

P-4E-BP1 T37/46

P-RPS6 S240/4

0

50

100

150

200

0

50

100

150

200

P-4E-BP1 
H-score

P-RPS6 
H-score

C

0

100

200

300

Apcfl/fl Apcfl/fl Rpl24Bst/+

P-eIF2α S51 P-eIF2α
H-score

W
ild
-ty
pe

A
pc
fl/
fl

A
pc
fl/
fl
K
ra
sG
12
D
/+

Rplp0
Rplp2
Rpl4
Rpl6
Rpl7
Rpl8
Rpl10
Rpl10a
Rpl11
Rpl12
Rpl13
Rpl13a
Rpl14
Rpl18
Rpl18a
Rpl19
Rpl21
Rpl22

Rpl22l1
Rpl23
Rpl24
Rpl26
Rpl27
Rpl35
Rpl36
Rpl37
Rpl38
Rpl39
Rpl41
Rpsa
Rps2
Rps3

Rps3a1
Rps5
Rps6
Rps7
Rps9
Rps10
Rps11
Rps14
Rps15
Rps17
Rps18
Rps19
Rps20
Rps21
Rps23
Rps24
Rps26
Rps27
Rps27l
Rps28
Rps29

2

4

6

Rpl24

D

A

VillinCreER

Apcfl/fl
VillinCreER

Apcfl/fl

Rpl24Bst/+

Tamoxifen 
inductions

Days 0 & 1 Day 4

� Epithelial extraction

� Intestinal histology

Figure 4—figure supplement 2. Rpl24Bst mutation has no effect on polysomes or some signaling pathways. (A) Schematic representation of 
experimental approach. VillinCreER Apcfl/fl or VillinCreER Apcfl/fl Rpl24Bst/+ mice were induced by two intraperitoneal injection of tamoxifen at 80 mg/kg on 
days 0 and 1 then intestinal tissue analysed on day 4. Intestines analysed histologically or by epithelial extraction for sucrose density gradient analysis. 
(B) Left: representative polysome profiles generated from Apcfl/fl intestinal extracts with or without the Rpl24Bst mutation. Subpolysomal components and 
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polysomes are labelled. Right: quantification of the polysome:subpolysome ratio across three biologically independent replicates for each genotype. 
Data show the mean ± standard error of the mean (SEM). (C) Staining of small intestinal tissue for P- 4E- BP1 T37/46, P- RPS6 S240/4, and P- eIF2α S51 
from VillinCreER Apcfl/fl or VillinCreER Apcfl/fl Rpl24Bst/+ mice alongside H- score quantification from the proliferative zones of the intestines of at least 3 mice 
per genotype. (D) Relative ribosomal protein mRNA abundances from RNA sequencing of wild- type, VillinCreER Apcfl/fl and VillinCreER Apcfl/fl KrasG12D/+ whole 
small intestinal tissue. Three independent biological samples were analysed per genotype with the averages used in this analysis. RNA sequencing 
reads for VillinCreER Apcfl/fl and VillinCreER Apcfl/fl KrasG12D/+ tissue was normalised to wild- type tissue set to 1. Values are shown horizontally scaled as fold 
changes to the wild- type tissue for each genotype. All scale bars are 50 μm.

Figure 4—figure supplement 2 continued
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Figure 5. Genetic inactivation of Eef2k reverses the reduced tumorigenesis following Rpl24Bst mutation in Apc- deficient Kras- mutant models of 
colorectal cancer (CRC). (A) Schematic representation of experimental approach. VillinCreER Apcfl/fl KrasG12D/+, VillinCreER Apcfl/fl KrasG12D/+ Rpl24Bst/+, or 
VillinCreER Apcfl/fl KrasG12D/+ Rpl24Bst/+ Eef2kD273A/D273A mice were induced by intraperitoneal injection of tamoxifen at 80 mg/kg then intestinal tissue 
analysed 3 days later. Intestines were analysed histologically or processed into intestinal organoids. (B) BrdU incorporation quantified from within small 
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intestinal crypt/villus axes following deletion of Apc and activation of Kras, either wild- type of mutant for Rpl24, or mutant for Rpl24 and Eef2k. Data 
are represented as the mean of at least 20 crypt/villi per mouse ± standard error of the mean (SEM) with significance determined by one- way analysis 
of variance (ANOVA) with Tukey’s multiple comparison. N = 3 per genotype. (C) Representative images of H&E, BrdU, and P- eEF2 T56 staining of 
intestines from the same experiment as (B). Red bar on H&E indicates extent of proliferative zone. Bars represent 50 µm. (D) Organoids deficient for 
Apc and with activated Kras with or without Rpl24Bst mutation, or mutant for both Rpl24 and Eef2k were grown for 3 days and growth relative to day 1 
determined by Cell- Titer Blue assay. Data show the mean ± SEM of n = 3 biologically independent organoid lines. Significance was determined by one- 
tailed Mann–Whitney U test. (E) Survival plot for Apc Kras ageing mice with or without the Rpl24Bst mutation, Eef2K mutation and with both Rpl24 and 
Eef2k mutations. Median survival and n numbers for each cohort are shown and significance determined by Mantel–Cox test. Censored subjects were 
removed from the study due to non- intestinal phenotypes. All scale bars are 50 μm.

Figure 5 continued
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Figure 5—figure supplement 1. Eef2kD273A/D273A mutation has no effect on tumorigenesis in Kras wild- type models. 
(A) Scoring for BrdU incorporation in the medial colons of Apcfl/fl KrasG12D/+, Apcfl/fl KrasG12D/+ Rpl24Bst/+, and Apcfl/fl 
KrasG12D/+ Rpl24Bst/+ Eef2kD273A/D273A mice. Scores are from 3, 4, and 3 mice, respectively, each plotted as the average 
of at least 20 half crypt/villi. Significance was determined by one- way analysis of variance (ANOVA) with Tukey’s 
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multiple comparison. (B) Survival curve from the Apcfl/+ tumour model for mice bearing the Eef2kD273A/D273A mutation 
or wild- type for Eef2k. Lack of a significant difference was determined by Mantel–Cox test. (C) ApcMin/+ tumour 
model survival curve, for mice with wild- type Eef2k or the inactivating mutation, Eef2kD273A/D273A. Lack of a significant 
difference was determined by Mantel–Cox test. (D) Scoring for BrdU- positive cells in the proximal small intestine 
and medial colons of Apcfl/fl, Apcfl/fl Rpl24Bst/+, Apcfl/fl Eef2kD273A/D273A, and Apcfl/fl Rpl24Bst/+ Eef2kD273A/D273A mice. Each 
point on the graphs is plotted as the average of at least 20 half crypt/villi.

Figure 5—figure supplement 1 continued
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Figure 5—figure supplement 2. Heterozygous mutation of Eef2kD273A/+ partially suppresses the effects of Rpl24Bst mutation in the tumour model. 
 (A) Survival curve from the Apcfl/+ KrasGG12D/+ tumour model for mice bearing the Rpl24Bst mutation and/or one copy of the inactivating Eef2k mutation. 
Median survival in days and n numbers are shown for each genotype. Significance test was performed by Mantel–Cox test. Apcfl/+ KrasGG12D/+ and Apcfl/+ 
KrasGG12D/+ Rpl24Bst/+ survival curves are reused from Figure 5E. (B) Tumour number (top) and total volume (bottom) scored macroscopically from Apcfl/+ 
KrasGG12D/+ mice with or without Rpl24Bst mutation and with no, one, or two copies of the inactivating Eef2kD273A mutation. Each point is an individual 
mouse with the bars depicting the mean ± standard error of the mean (standard error of the mean, SEM). From left to right n = 20, 11, 14, 9, 18, and 11 
mice.
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Figure 6. Genetic inactivation of Eef2k restores translation rates following Rpl24Bst mutation. (A) 35S- methionine incorporation to determine relative 
protein synthesis by in Apcfl/fl KrasG12D/+ small intestinal organoids wild- type or mutant for Rpl24 or with both Rpl24 and Eef2k mutations. Data are 
represented ± standard error of the mean (standard error of the mean, SEM) with significance determined by one- way analysis of variance (ANOVA) 
with Tukey’s multiple comparison. N = 3 per genotype, each representing an independent organoid line. (B) Ribosome run- off rate determined in Apcfl/

fl KrasG12D/+ small intestinal organoids mutant or wild- type for Rpl24 or with both Rpl24 and Eef2k mutations. Data are the mean of three biologically 
independent organoid lines represented ± SEM with significance determined by Mann–Whitney U test. Raw data are available in Figure 6—figure 
supplement 1A. The run- off rate for Apcfl/fl KrasG12D/+ control organoids is reproduced from Figure 3E. (C) Schematic representation of findings in Apc- 
deficient Kras- mutant mouse and organoid models. Top: RPL24 expression maintains translation and proliferation by suppressing the phosphorylation 
of eEF2 by limiting eEF2K activity. Middle: reduced expression of RPL24 activates eEF2K, increasing P- eEF2, reducing translation elongation and 
suppressing tumorigenesis and proliferation. Bottom: inactivation of eEF2K reverts the phenotype in Rpl24Bst cells, due to the inability to phosphorylate 
and suppress eEF2. Elevated elongation rates correlate with increased proliferation following inactivation of eEF2K.
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Figure 6—figure supplement 1. Inactivation of Eef2k restores translation elongation speed in Rpl24Bst mutant mice. (A) Polysome profiles from 
sucrose density gradients of Apcfl/fl KrasG12D/+ Rpl24Bst/+ or Apcfl/fl KrasG12D/+ Rpl24Bst/+ Eef2kD273A/D273A small intestinal organoid cultures, pre- treated with 
harringtonine for 5 min/300 s (H300) or untreated (H0). These traces are representative of those analysed for the run- off rates shown in Figure 6B. (B) 
Representative sucrose density profiles generated from Apcfl/fl KrasG12D/+ intestinal extracts with or without the Rpl24Bst mutation and inactivation of 

Figure 6—figure supplement 1 continued on next page
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eEF2K. Subpolysomal components and polysomes are labelled, and the polysomes have been split pictorially into light and heavy. To the right of this is 
quantification of the heavy:light polysome ratio. Data show the mean ± standard error of the mean (standard error of the mean, SEM) of 5, 3, and 3 mice 
reading from left to right. Significance was determined by one- way analysis of variance (ANOVA) with Tukey’s multiple comparison.

Figure 6—figure supplement 1 continued
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Figure 6—figure supplement 2. Rpl24Bst mutation has no effect on P- ERK or P- ACC. (A) Immunohistochemistry (IHC) staining for P- ERK T202/T204 in 
intestinal tissue form Apcfl/fl KrasG12D/+ or Apcfl/fl KrasG12D/+ Rpl24Bst/+ mice. Representative images from each genotype are shown on the right and H- score 
quantification from three animals per genotype on the left. (B) Western blotting on lysates from Apcfl/fl KrasG12D/+ or Apcfl/fl KrasG12D/+ Rpl24Bst/+ organoids, 
for P- ACC S79, ACC, and β-actin as a sample control. All scale bars are 50 μm.
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Figure 7. Expression of RPL24, EEF2K, and EEF2 is consistent with increased eEF2 activity in colorectal cancer (CRC) tumours. (A) Schematic of the 
findings presented here from pre- clinical mouse models. KRAS activation requires RPL24 expression to maintain low eEF2 phosphorylation. This occurs 
via a double negative regulation of eEF2K, whereby RPL24 suppresses eEF2K, which suppresses eEF2. eEF2 activity correlates with protein synthesis 
and proliferation rates. Dashed lines indicate indirect or undefined regulatory pathways. (B) RNA expression levels of RPL24, EEF2K, and EEF2 between 
normal colon and colon adenocarcinoma samples using data extracted from The Cancer Genome Atlas by TNMplot. Relative expression changes are 
annotated, as well as p values for each transcript.
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Figure 7—figure supplement 1. Expression of RPL24, EEF2K, and EEF2 suggest increased eEF2 activity in colorectal cancer (CRC) tumours. (A) Protein 
levels of RPL24, eEF2K, and eEF2 in normal colon and colon adenocarcinoma collated from the Clinical Proteomic Tumor Analysis Consortium by 
UALCAN. Numbers of samples and p values are shown for each protein. (B) RNA expression levels of RPL24, EEF2K, and EEF2 between normal rectum 
and rectum adenocarcinoma samples using data extracted from The Cancer Genome Atlas by TNMplot. Relative expression changes are annotated, as 
well as p values for each transcript.


