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            Abstract
Tumours depend on altered rates of protein synthesis for growth and survival, which suggests that mechanisms controlling mRNA translation may be exploitable for therapy. Here, we show that loss of APC, which occurs almost universally in colorectal tumours, strongly enhances the dependence on the translation initiation factor eIF2B5. Depletion of eIF2B5 induces an integrated stress response and enhances translation of MYC via an internal ribosomal entry site. This perturbs cellular amino acid and nucleotide pools, strains energy resources and causes MYC-dependent apoptosis. eIF2B5 limits MYC expression and prevents apoptosis in APC-deficient murine and patient-derived organoids and in APC-deficient murine intestinal epithelia in vivo. Conversely, the high MYC levels present in APC-deficient cells induce phosphorylation of eIF2α via the kinases GCN2 and PKR. Pharmacological inhibition of GCN2 phenocopies eIF2B5 depletion and has therapeutic efficacy in tumour organoids, which demonstrates that a negative MYC–eIF2α feedback loop constitutes a targetable vulnerability of colorectal tumours.
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                    Fig. 1: Restoration of APC expression suppresses translation and anchorage-independent growth.[image: ]


Fig. 2: APC-deficient CRC cells depend on physiological eIF2B5 levels.[image: ]


Fig. 3: eIF2B5 controls translation initiation and limits global protein synthesis.[image: ]


Fig. 4: Depletion of eIF2B5 causes MYC-driven apoptosis.[image: ]


Fig. 5: Depletion of eIF2B5 causes an imbalance in amino acid and nucleotide pools.[image: ]


Fig. 6: Physiological eIF2B5 levels are required for tumorigenesis driven by Apc loss.[image: ]


Fig. 7: Inhibition of PKR and GCN2 phenocopies EIF2B5 knockdown.[image: ]


Fig. 8: Targeting PKR and GCN2 activity opens a therapeutic window in APC-loss-driven CRC.[image: ]
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Extended data

Extended Data Fig. 1 An shRNA screen identifies eIF2B5 as a survival factor in APCdef cells.
(a) Diagram illustrating the generation of SW480TetOnAPC cells. (b) Immunoblot of APCdef (ethanol) and APCres cells (doxycycline for the indicated time points), representative of two independent experiments with similar results. (c) Relative mRNA expression of AXIN2 and MYC determined via qPCR treated as described in (a). Data show mean ± s.d. (n = 3 technical replicates), representative of two independent experiments with similar results. (d) Annexin V/PI FACS analysis of APCdef and APCres cells (72 h ethanol or doxycycline, respectively), representative of three independent experiments with similar results. Numbers represent percentage of cells in each quadrant. (e) Outline of shRNA screen. T0, T3 and T15 indicate time points (days) when cells were harvested for library preparation. (f) Plot showing median log2 fold change of all shRNAs included in the screen in APCres versus APCdef cells (n = 3 biologically independent experiments). (g) Plot showing median log2 fold change as described in (f) with shRNAs targeting luciferase displayed in blue. (h) Plot showing median log2 fold change as described in (f) with shRNAs targeting PSMB2 displayed in colour. (i) Plot showing median log2 fold change as described in (f) with shRNAs identified as specifically depleted in APCdef cells displayed in red. Unprocessed immunoblots are shown in Source Data Extended Data Fig. 1.

                          Source data
                        


Extended Data Fig. 2 Apoptosis induction upon EIF2B5 knockdown in APCdef cells is an on-target effect.
(a) PI cell cycle FACS analysis of shCTR-transduced or eIF2B5-depleted APCdef and APCres cells (six days ethanol or doxycycline, respectively). Data show mean ± s.d. (n = 3 technical replicates), representative of two independent experiments with similar results. (b) Immunoblot of shCTR-transduced (-) or eIF2B5-depleted APCdef and APCres cells (96 h ethanol or doxycycline, respectively), representative of two independent experiments with similar results. (c) Annexin V/PI FACS analysis of shCTR-transduced (-) or eIF2B5-depleted APCdef and APCres cells treated as described in (b). Data show mean ± s.d. (n = 3 technical replicates), representative of two independent experiments with similar results. (d) Immunoblot of control (‘empty’) and eIF2B5mut-HA overexpressing shCTR-transduced or eIF2B5-depleted APCdef and APCres cells (96 h ethanol or doxycycline, respectively), representative of two independent experiments with similar results. (e) mRNA expression of endogenous EIF2B5 of cells described in (d). Primers targeting the EIF2B5 3′UTR were used. Data show mean ± s.d. (n = 3 technical replicates), representative of two independent experiments with similar results. (f) Annexin V/PI FACS analysis of cells described in (d). Data show mean ± s.d. (n = 3 technical replicates), representative of two independent experiments with similar results. (g) Annexin V/PI FACS analysis of shCTR-transduced or eIF2B5-depleted HT29 and HCT116 cells. Data show mean ± s.d. (n = 3 biologically independent experiments); unpaired, two-tailed t-test. (h) Box plots of EIF2B5 mRNA expression in normal colorectal tissue and colorectal carcinoma of two independent datasets from Oncomine (n = number of biologically independent samples). Data sets are taken from ‘Kaiser’;56 ‘Hong’57. Points: minimum and maximum, whiskers: 10th and 90th percentile, box: 25th and 75th percentile, line: median; unpaired t-test. Unprocessed immunoblots are shown in Source Data Extended Data Fig. 2.
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Extended Data Fig. 3 eIF2B5 depletion induces an ISR.
(a) Polysome profiling of shCTR-transduced and eIF2B5-depleted APCres cells (72 h doxycycline) incubated with harringtonine for 0 s (upper) and 180 s (lower). Data (0 s harringtonine) are representative of three independent experiments with similar results, 180 s harringtonine assay was performed once. (b) 35S-methionine labelling of shCTR-transduced or eIF2B5-depleted APCdef and APCres cells (96 h ethanol or doxycycline, respectively). Incorporated radioactivity was measured by scintillation counting. Data represent mean ± s.d. (n = 3 technical replicates), representative of two independent experiments with similar results. (c) Immunoblots of cells described in (b), representative of two independent experiments with similar results. (d) Immunoblots of cells described in (b), representative of two independent experiments with similar results. p-eIF2α S51 levels, relative to total eIF2α, are shown below the immunoblot. (e) Plots documenting mean log2 fold change of total mRNA (x-axis, ‘RNA’) and ribosome-associated mRNA (y-axis, ‘Ribo’) of eIF2B5-depleted APCdef and APCres cells (96 h ethanol or doxycycline, respectively). MYC is highlighted in red (n = 3 biologically independent experiments). (f) Gene ontology (GO) analyses of ribosomal profiling data from (e). P values, adjusted for multiple testing, are shown for over-representation of GO terms among genes upregulated after EIF2B5 knockdown in APCdef and APCres cells. P values were calculated using GOrilla58,59. (g) Immunoblot of cells as described in (b), representative of two independent experiments with similar results. (h) mRNA expression of spliced XBP1, GRP78 and unspliced XBP1 of cells described in (b). Data show mean ± s.d. (n = 3 biologically independent experiments); unpaired, two-tailed t-test. (i) mRNA expression of ATF3 and GADD34 of cells described in (b). Data show mean ± s.d. (ATF3 n = 4, GADD34 n = 3 biologically independent experiments); unpaired, two-tailed t-test. Unprocessed immunoblots are shown in Source Data Extended Data Fig. 3.
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Extended Data Fig. 4 The ISR induced by eIF2B5 depletion is MYC-dependent.
(a) Immunoblot of shCTR-transduced or eIF2B5-depleted APCdef and APCres cells (96 h ethanol or doxycycline, respectively), representative of two independent experiments with similar results. For ISR induction, cells were treated with 1 µg/ml tunicamycin (3 h), DMSO was used as solvent control. (b) Immunoblot of shCTR-transduced or eIF2B5-depleted APCdef and APCres cells upon CHOP depletion (96 h ethanol or doxycycline, respectively), representative of three independent experiments with similar results. siRNA transfections were carried out using siCTR as non-targeting control or siCHOP for 72 h. (c) Annexin V/PI FACS analysis of cells treated as described in (b). Data show mean ± s.d. (n = 3 biologically independent experiments); unpaired, two-tailed t-test. (d) qPCR documenting MYC expression in shCTR-transduced or eIF2B5-depleted APCdef and APCres cells (96 h ethanol or doxycycline, respectively). Data show mean ± s.d. (n = 3 biologically independent experiments); unpaired, two-tailed t-test. (e) Immunoblot of shCTR-transduced or eIF2B5-depleted APCdef and APCres cells (72 h ethanol or doxycycline, respectively) after cycloheximide (CHX) pulse chase. Experiment was performed once. Cells were treated with 100 µg/ml CHX for the indicated time points. (f) Immunoblot of shCTR-transduced or eIF2B5-depleted APCdef and APCres cells (72 h ethanol or doxycycline, respectively), representative of three independent experiments with similar results. (g) qPCR documenting MYC expression in shCTR-transduced or eIF2B5-depleted APCdef and APCres cells treated as described in (f). Data represent mean ± s.d. (n = 3 technical replicates), representative of two independent experiments with similar results. (h) Immunoblot of shCTR-transduced or eIF2B5-depleted HT29 and HCT116 cells, representative of two independent experiments with similar results. Unprocessed immunoblots are shown in Source Data Extended Data Fig. 4.
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Extended Data Fig. 5 eIF2B5 depletion regulates IRES-mediated translation of MYC.
(a) Immunoblot of SW480 cells after DMSO (-) or cymarine ( + ) treatment (100 nM, 24 h), representative of two independent experiments with similar results. Quantification of MYC, Cyclin E and c-Fos, relative to Vinculin, is shown below the immunoblot. (b) Schematic diagram of the MYC IRES sequence. Position of used sgRNAs for deletion of the IRES as well as primers for detection by PCR and expected size of the PCR products are indicated. (c) Agarose gel electrophoresis of PCR products from MYC IRES undeleted (CTR) and deleted (sgMYC IRES) cells. The primer pair used is shown in (b). PCR was performed once as control for deletion. (d) Immunoblot of control (CTR) and MYC IRES deleted (sgMYC IRES) APCdef and APCres cells, transduced with shCTR or shEIF2B5 #3 (72 h ethanol or doxycycline, respectively), representative of two independent experiments with similar results. (e) mRNA expression of ATF3 and GADD34 in shCTR and eIF2B5-depleted APCdef and APCres cells upon MYC depletion (96 h ethanol or doxycycline, respectively). siRNA transfections were carried out using siCTR as non-targeting control or siMYC for 72 h. Data represent mean ± s.d. (n = 3 technical replicates), representative of two independent experiments with similar results. Unprocessed immunoblots are shown in Source Data Extended Data Fig. 5.
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Extended Data Fig. 6 eIF2B5 depletion suppresses growth of Apc-deleted murine organoids and patient-derived organoids.
(a) Immunoblot of wild-type, VillinCreERApcfl/fl and VillinCreERApcfl/flKrasG12D/+ murine intestinal organoids. Immunoblot was performed once. (b) mRNA expression of Eif2b5 in wild-type, VillinCreERApcfl/fl and VillinCreERApcfl/flKrasG12D/+ murine intestinal organoids infected with a doxycycline-inducible shRNA targeting Eif2b5. Organoids were treated with ethanol as solvent control or 1 µg/ml doxycycline for 72 h. Data represent mean ± s.d. (n = 3 technical replicates), representative of two independent experiments with similar results. (c) Growth of murine intestinal organoids (wild-type, VillinCreERApcfl/fl and VillinCreERApcfl/flKrasG12D/+) as described in (b). Single cells were seeded and one day later treated with ethanol or 1 µg/ml doxycycline for six days. A representative picture is shown for each genotype. Scale bars = 200 µM. (d) Size of murine intestinal organoids from (c). Data represent mean ± s.e.m. (at least n = 9 biologically independent samples). Whiskers: minimum and maximum, box: 25th and 75th percentile, line: median; unpaired, two-tailed t-test. (e) Growth of shNTC-transduced or eIF2B5-depleted patient-derived CRC organoids, representative of three independent experiments with similar results. Six patient-derived organoid (T1-T5: APC-mutated; T6: APC wild-type) lines were infected with a doxycycline-inducible non-targeting control (shNTC) or an shRNA targeting EIF2B5. Organoids were treated with ethanol or 1 µg/ml doxycycline for six to seven days. Scale bars = 200 µM. (f) Quantification of viability of shNTC-transduced or eIF2B5-depleted patient-derived CRC organoids (T1, T2, T3, T4, T5) from (e). Data show mean ± s.e.m. (n = 5 biologically independent organoid lines); unpaired, two-tailed t-test. (g) Immunoblot of one patient-derived CRC organoid (T4) infected and treated as described in (e), representative of two independent experiments with similar results. Unprocessed immunoblots are shown in Source Data Extended Data Fig. 6.
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Extended Data Fig. 7 Eif2b5 heterozygosity suppresses hyperproliferation upon loss of Apc in colon.
(a) Illustration of generation of Eif2b5 knockout mice used in the study. (b) Immunohistochemical AB/PAS and lysozyme staining of wild-type and Eif2b5+/− mice in small intestinal and colon tissue, representative of three biologically independent mice of each genotype with similar results (n = 3). AB/PAS staining represents goblet cells, lysozyme staining represents Paneth cells. Scale bars = 50 µm. (c) Immunoblot of intestinal epithelial extracts from mice of the indicated genotypes. Each lane represents one separate mouse from the relevant group (left). Immunoblot was performed once. Quantification of eIF2B5 protein levels, normalised to γ-tubulin (right). Data show mean ± s.d. (n = 3 biologically independent mice); one-tailed Mann-Whitney U test. (d) Representative H&E-, eIF2B5-, p-eIF2α S51-, BrdU-, cleaved caspase 3- and MYC-stained sections of colons from mice of the indicated genotypes. Scale bars = 100 µm. (e) Graphs documenting the number of cells positive for BrdU, cleaved caspase 3, and MYC in immunostained colon sections from mice of the indicated genotypes. The number of BrdU-positive cells per half crypt (top panel), and the number of cells per full crypt staining positive for cleaved caspase 3 (middle panel) or MYC (bottom panel), were scored in 25 crypts per mouse in at least four biologically independent mice (n = 4 for BrdU staining of VillinCreERApcfl/flEif2b5+/− and VillinCreERApcfl/flKrasG12D/+, n = 5 for cleaved caspase 3 staining of VillinCreERApcfl/flEif2b5+/− and VillinCreERApcfl/flKrasG12D/+Eif2b5+/−, n = 4 for MYC staining of VillinCreERApcfl/flKrasG12D/+, n = 5 for MYC staining of wild-type, Eif2b5+/− and VillinCreERApcfl/fl, n = 6 for all other stainings and genotypes). Data show mean ± s.e.m.; one-tailed Mann-Whitney U or one-way ANOVA test. Unprocessed immunoblots are shown in Source Data Extended Data Fig. 7.
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Extended Data Fig. 8 Eif2b5 is haplo-insufficient for intestinal tumourigenesis driven by Apc loss.
(a) Immunohistochemical staining of eIF2B5 in ApcMin/+ and ApcMin/+Eif2b5+/− small intestines, representative of three biologically independent mice each with similar results. Scale bars = 100 µm. (b) Kaplan-Meier curve of ApcMin/+ (n = 14 biologically independent mice) compared with ApcMin/+Eif2b5+/− (n = 13 biologically independent mice) mice. One of the ApcMin/+ mice was censored due to a mammary tumour. P value was calculated using a Log-rank test. (c) Immunoblot of organoids established from outgrowing tumours of ApcMin/+ and ApcMin/+Eif2b5+/− mice. Each lane represents one mouse (ApcMin/+ n = 3, ApcMin/+Eif2b5+/− n = 2 biologically independent mice). Immunoblot was performed once. (d) Quantification of eIF2B5 levels, relative to β-actin, and p-eIF2α S51 levels, relative to total eIF2α, of organoids described in (c). Data show mean ± s.d. (ApcMin/+ n = 3, ApcMin/+Eif2b5+/− n = 2 biologically independent mice). (e) 35S-methionine labelling of organoids described in (c). Incorporated radioactivity was measured by scintillation counting. Data show mean of ±s.d. (n = 3 biologically independent mice); one-tailed Mann Whitney U test. (f) Quantification of polysome to sub-polysome fractions in polysome profiles from organoids described in (c). Data show mean of ±s.d. (n = 3 biologically independent mice); one-tailed Mann Whitney U test. (g) Graphs documenting the number of BrdU-positive cells per half crypt, and number of MYC-positive cells per full crypt from mice of the indicated genotypes in the small intestine. Data were scored in 25 crypts per mouse. Data show mean ± s.e.m. (n = 3 biologically independent mice); one-tailed Mann Whitney U test. (h) Representative H&E-, BrdU-, eIF2B5- and MYC-stained sections of small intestines from mice of the indicated genotypes. Mice were sampled four days post-induction. Scale bars = 100 µM. Unprocessed immunoblots are shown in Source Data Extended Data Fig. 8.
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Extended Data Fig. 9 Depletion of PKR and GCN2 kinase is compensated over time.
(a) Immunoblots of APCdef cells upon knockdown of MYC, representative of two independent experiments with similar results. siRNA transfections were carried out using siCTR as non-targeting control or siMYC for 72 h. As positive control for PKR activation, cells were treated with poly(I:C) (2 µg/ml, 4 h). (b) Crystal violet staining of shCTR-transduced, PKR- or GCN2-depleted APCdef and APCres (six days ethanol or doxycycline, respectively), representative of three independent experiments with similar results. Two independent shRNAs for both PKR and GCN2 were used. (c) Immunoblots of shCTR-transduced, PKR- or GCN2-depleted APCdef and APCres cells (96 h ethanol or doxycycline, respectively), representative of three independent experiments with similar results. Unprocessed immunoblots are shown in Source Data Extended Data Fig. 9.
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Extended Data Fig. 10 Inhibition of PKR and GCN2 reduces viability and p-eIF2α levels in patient-derived CRC organoids.
(a) Growth of patient-derived CRC organoids treated with GCN2 and PKR inhibitors, representative of three independent experiments with similar results. Seven different patient-derived organoid lines were grown for two or three days, and then treated with A-92 or C16 for 96 h at the indicated concentrations. DMSO was used as solvent control. Scale bars = 200 µM. (b) Immunoblot of three patient-derived CRC organoid lines (upper). Organoids were treated with C16 (1 µM) or A-92 (3 µM) for 6 h. DMSO (D) was used as solvent control. Quantification of p-eIF2α S51 levels, normalised to eIF2α (lower). Data show mean ± s.d. (n = 3 biologically independent organoid lines); unpaired, two-tailed t-test. (c) Annexin V/PI FACS of shCTR-transduced, PKR- or GCN2-depleted APCdef cells (96 h ethanol) after treatment with DMSO, A-92 or C16 for 48 h. Data shown mean ± s.d. (n = 3 biologically independent experiments); unpaired, two-tailed t-test. Unprocessed immunoblots are shown in Source Data Extended Data Fig. 10.
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