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Abstract 

Colorectal cancer (CRC) is the second most deadly cancer worldwide. One key reason is the 

failure of therapies that target RAS proteins, which represent approximately 40% of CRC 

cases. Despite the recent discovery of multiple alternative signalling pathways that contribute 

to resistance, durable therapies remain an unmet need. Here, we use liquid chromatography/ 

mass spectrometry (LC/MS) analyses on Drosophila CRC tumour models to identify multiple 

metabolites in the glucuronidation pathway—a toxin clearance pathway—as upregulated in 

trametinib-resistant RAS/APC/P53 (“RAP”) tumours compared to trametinib-sensitive 

RASG12V tumours. Elevating glucuronidation was sufficient to direct trametinib resistance in 

RASG12V animals while, conversely, inhibiting different steps along the glucuronidation 

pathway strongly reversed RAP resistance to trametinib. For example, blocking an initial 

HDAC1-mediated deacetylation step with the FDA-approved drug vorinostat strongly 

suppressed trametinib resistance in Drosophila RAP tumours. We provide functional 

evidence that pairing oncogenic RAS with hyperactive WNT activity strongly elevates 

PI3K/AKT/GLUT signalling, which in turn directs elevated glucose and subsequent 

glucuronidation. Finally, we show that this mechanism of trametinib resistance is conserved 

in an KRAS/APC/TP53 mouse CRC tumour organoid model. Our observations demonstrate a 

key mechanism by which oncogenic RAS/WNT activity promotes increased drug clearance 

in CRC. The majority of targeted therapies are glucuronidated, and our results provide a 

specific path towards abrogating this resistance in clinical trials. 
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Introduction 

Despite recent advances in RAS pathway therapies, RAS-mutant colorectal cancer (CRC) 

has proven poorly sensitive to most targeted CRC therapies in the clinics1. This is somewhat 

surprising, as RAS pathway inhibitors have shown strong efficacy in RAS-mutant CRC pre-

clinical studies. One important factor that has emerged is the role of genetic complexity: drug 

resistance typically increases in preclinical models that are more genetically complex2,3. We 

recently reported this phenomenon in Drosophila CRC models, both preclinically and in 

complex fly avatars as a part of a clinical trial: compared to oncogenic RAS alone, 

additionally targeting tumour suppressors APC and P53 (“RAP”) consistently led to emergent 

drug resistance3,4.  However, the mechanisms that link genetic complexity to resistance across 

a broad spectrum of targeted therapies remains poorly understood.  

A growing number of studies have shown that genetic and signalling complexity play key 

roles in drug response. For example, genomic mutations that lead to amplification or 

‘rewiring’ of key signalling pathways have been linked to failure of targeted therapies5,6; 

however, co-targeting of these pathways has to date failed to yield durable KRAS-mutant 

CRC treatments7,8,9,10. An alternative possibility is emergence of a drug target-agnostic 

mechanism in response to genomic complexity. KRAS, APC and TP53 are the most 

commonly mutated genes reported for human CRC3,11: adenoma progression is associated 

with loss of APC paired with oncogenic mutations in KRAS; malignant transformation is 

associated with additional mutations in TP5312,13. We therefore focused on this 

canonical multi-gene mutation profile commonly seen in human CRC tumours. 

Oncogenic RAS is a key driver for tumour progression in up to 25% of all human 

cancers14. As a such, components of the RAS/MAPK pathway remain a high priority for 

targeted therapy. For example, Food and Drug Administration (FDA) approved MEK 

inhibitor trametinib proved effective in preclinical CRC models, but showed no therapeutic 

benefit in CRC patients15,16. Here, we report an LC/MS analysis comparing drug response in 

Drosophila RAP and RASG12V hindgut tumours. We found that drug resistance in RAP 

tumours was primarily associated with upregulated drug metabolism via glucuronidation, a 

primary toxin clearance pathway used by cells to clear most cancer drugs. Blocking this 

upregulation had no direct effect on hindgut tumours, but restored drug sensitivity in RAP 

Drosophila and mouse organoid tumours to a level that mirrored tumours with RASG12V alone. 

We further demonstrate that patient-accessible drugs such as vorinostat can block a key 

glucuronidation preparatory step to strongly sensitize tumours to trametinib. Together, our 

results demonstrate how a canonical CRC mutation profile elevates a key detoxification 

pathway to promote general drug resistance; interfering with this process provides a blueprint 

for sensitizing genetically complex tumours to targeted therapies. 
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Results 

Glucuronidation pathway induces trametinib resistance in genetically complex tumours 

The Drosophila hindgut has proven a useful tool for modelling CRC including for 

predicting therapeutics4. To identify the most effective inhibitor against RasG12V tumours, we 

targeted transgenes to the developing hindgut using byn-GAL4 and performed a limited FDA 

drug screen: the potent and specific MEK inhibitor trametinib was especially effective in 

reducing oncogenic RasG12V-mediated transformation in the Drosophila hindgut, leading to 

increased animal survival (Figure S1a-b). Feeding larvae with 1 µM trametinib strongly 

rescued byn>RasG12V-induced lethality (Figure 1a). In contrast, a multigenic RasG12V, ApcRNAi, 

P53RNAi CRC model (byn>RAP)—designed to capture the three most common mutations 

reported for CRC—was resistant to trametinib both for animal survival (Figure 1a) and for 

transformation of the hindgut proliferative zone (HPZ). These data indicate an emergent 

resistance to trametinib in byn>RAP tumours, mirroring the trametinib resistance observed in 

KRAS-mutant CRC patients.  

Recent studies have linked metabolite changes to drug resistance in liver, lung, and renal 

cancer models17,18,19. To identify a metabolite fingerprint of emergent trametinib resistance, 

we performed a metabolomics analysis by liquid chromatography–mass spectrometry (LC–

MS), comparing byn>RasG12V and byn>RAP hindguts. 143 metabolites were altered in 

byn>RAP tumours upon administering trametinib (Figure 1b and Supplementary Table 1). 

An enrichment analysis (MetaboAnalyst 5.0, S1c) highlighted key differences between 

byn>RAP and RasG12V response to trametinib, including transfer of acetyl groups into 

mitochondria (TAGIM), anaerobic glycolysis (Warburg effect), glutamate metabolism, citric 

acid cycle, nucleotide sugar metabolism, and purine metabolism (Figure S1c). The strongest 

enrichment was for metabolites associated with the glucuronidation pathway (Figure 1c), 

indicating upregulation of the pathway in byn>RAP tumours compared to RasG12V tumours in 

the presence of trametinib. Upregulated metabolites included Glucose-6-phosphate (Glc-6P), 

UTP, UDP, and UDP-glucose (UDP-Glc; Figure 1b, 1c and S1d). Of note, glucuronidation is 

a key mechanism of drug resistance: cells use glucuronidation to solubilize and remove 

toxins including the majority of clinically relevant drugs20.  

To investigate whether the glucuronidation pathway is essential for trametinib resistance 

in byn>RAP tumours, we used hindgut-targeted knockdown to reduce the activity of key 

glucuronidation enzymes including Hexokinase C (Hex-C; human ortholog: GCK), UDP-

glucose Pyrophosphorylase (UGP; UGP2), Sugarless (Sgl; UDP-glucose 6-dehydrogenase, 

UDGH), and Glucuronyltransferase P (GlcAT-P; member of the human 

Glucuronosyltransferase family, UGT) (Figure 1c). Inhibiting the glucuronidation pathway 

promoted significant trametinib sensitivity in otherwise resistant byn>RAP tumours (Figure 

1e). In particular, knockdown of Sgl or GlcAT-P significantly rescued tumour-induced 

lethality in the presence of trametinib (Figure 1e); neither knockdown impacted survival in 

the absence of trametinib (Figure 1d) or in wild type animals (Figure 1f). Conversely, 

elevating glucuronidation by supplementing the food with UDP-Glc—modelling elevated 

levels in RAP tumours—was sufficient to induce trametinib resistance in otherwise sensitive 
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byn>RasG12V tumours (Figure 1h). UDP-Glc did not affect survival of wild type animals 

(Figure 1g).  

These data indicate that glucuronidation is both necessary and sufficient for emergent 

trametinib resistance in byn>RAP hindgut tumours. We next explored the mechanisms by 

which cancer gene combinations led to glucuronidation-dependent drug resistance. 

 

Pi3k/Akt signalling induces trametinib resistance by enhancing glucuronidation 

Glucuronidation entails converting circulating glucose to intracellular UDP-glucuronide 

(UDP-Glc); transfer of glucuronide to a drug lead to its clearance coupled with UDP release 

(Figure 1c). byn>RAP hindguts displayed elevated glucose compared to byn>RasG12V 

hindguts (Figure S1e), prompting us to investigate whether elevated glucose uptake led to 

increased glucuronidation. Our previous work showed that high dietary sugar (HDS) 

promoted glucose uptake in RasG12V csk-/- flies, enhancing tumour progression in eye-antennal 

epithelia as well as altering drug response21,22,23. Similarly, we found that HDS enhanced 

tumour progression in byn>RasG12V hindguts resulting in increased animal lethality (Figure 

2a); wild-type animals were not affected (Figure S2a). Importantly, HDS upregulated 

trametinib-dependent glucuronidation as determined by a UDP-glucose release assay (Figure 

2b). 

These results raised the question as to whether HDS directs drug resistance due to its 

impact on tumour progression vs. glucuronidation levels. Inhibiting glucuronidation by 

knockdown of key glucuronidation enzymes Sgl or GlcAT-P almost entirely suppressed the 

ability of HDS to reduce trametinib efficacy, but knockdown of either enzyme had no effect 

in the absence of trametinib (Figure 2c). Inhibiting glucuronidation did not impact wild-type 

animals even in the presence of HDS plus trametinib (Figure S2a). These data suggest that 

glucose uptake promotes trametinib resistance primarily by enhancing the glucuronidation 

pathway.  

A key regulator of glucose uptake is Pi3k/Akt signalling, a Ras-initiated pathway that 

promotes glucose uptake by activating AS160 in mammalian cells24. Previous work indicates 

HDS promotes elevated glucose uptake by upregulation of phosphorylated Akt in normal 

Drosophila25. HDS also led to elevated Pi3k activity in byn>RasG12V (vs. control) hindgut 

tumours as assessed by phosphorylated Akt (pAkt; Figure 2d). Compared to byn>RasG12V 

alone, pAkt levels were strongly elevated in byn>RAP hindgut tumours even in the absence 

of HDS, phenocopying the effects of HDS (Figure 2d) and indicating that reducing Apc plus 

P53 further elevated Ras-dependent Pi3K activity. Knockdown of Akt or the AS160 ortholog 

plx strongly suppressed both glucuronidation and trametinib resistance in byn>RAP tumours 

(compare Figure 2f and h with Figures 1a, 2g and i). Further, activating Wnt pathway activity 

through the ß-catenin ortholog Arm was sufficient to strongly enhanced Pi3K activity and 

glucuronidation in the presence of RasG12V, resulting in trametinib resistance in (normally 

sensitive) byn>RasG12V tumours (Figure 2e, 2j; 2k compare with 1a). Wild-type animals were 

not affected (Figure S2b). 
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These data indicate that pairing elevated Ras plus Wnt pathway activities promotes 

trametinib resistance by (i) promoting glucose uptake in a Pi3K/Akt dependent manner, 

which in turn (ii) enhances glucuronidation and (iii) resistance to trametinib. Consistent with 

this view, pharmacological inhibition of Pi3K/Akt (LY294002) significantly increased 

trametinib sensitivity in byn>RAP animals (Figure S2c) at doses that did not impact wild-

type animals (Figure S2d). 

 

Glucuronidation promotes trametinib resistance in mouse AKP organoids 

To assess if our Drosophila data is relevant to mammalian CRC drug response, we 

investigated whether the mechanism of deacetylation plus glucuronidation promotes 

trametinib resistance in a murine colon cancer model. Using a mouse VilCreERT2, Apcfl/fl, 

KrasG12D/+, Trp53fl/fl (AKP) tumour organoid line derived from the small intestine, trametinib 

was strongly glucuronidated as assessed with a UDP-release assay (Figure 3a). AKP 

organoids were moderately sensitive to trametinib (Figure 3b-f). Consistent with our 

Drosophila results, promoting glucuronidation by adding UDP-Glc to the media inhibited 

response to high-dose trametinib (20 nM) in AKP tumour organoids (Figure S3a). 

Suppressing glucose uptake with (i) the GLUT1/GLUT4 inhibitor fasentin or (ii) the 

Pi3k/Akt inhibitors LY294002 and alpelisib significantly increased trametinib sensitivity. 

Single agents had no effect on tumour organoid expansion (Figure 3b-d, S3c, S3d, S3f and 

S3g).  

 

Trametinib glucuronidation was blocked by targeting deacetylation 

Interfering with regulatory steps in the glucuronidation pathway including Pi3K signalling 

and glucuronidation enzymes potentiates trametinib activity in our CRC model. However, 

combining inhibition of these pathways with inhibition of MEK can lead to unwanted and 

significant toxicity26,27,28,29,30,20. In cancer patients, trametinib glucuronidation occurs in a 

two-step process: deacetylation followed by glucuronidation of the altered moiety31. Histone 

deacetylases (HDACs) deacetylate both histone proteins and non-histone cellular substrates 

that govern a wide array of disease processes including tumour progression and tumour 

therapy, and HDAC inhibitors are a staple of cancer treatment32,33. We therefore examined 

deacetylation as a potentially accessible therapeutic target.  

We found that knockdown of the Drosophila deacetylase HDAC1 significantly suppressed 

trametinib glucuronidation in byn>RAP animals as determined by reduced UDP release 

(Figure 4a). The result was significantly increased sensitivity to trametinib and improved 

rescue of byn>RAP survival (Figure 4b). Similarly, co-feeding byn>RAP animals with the 

drug vorinostat (SAHA)—a clinically relevant inhibitor that binds to the active site of histone 

deacetylases34—significantly reduced trametinib resistance; vorinostat had no effect as a 

single agent (Figure 4c). This indicates that deacetylation is indeed required for 

glucuronidation and for trametinib resistance in byn>RAP flies. However, unlike 

glucuronidation, the baseline activity of HDAC did not differ between byn>RasG12V and 
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byn>RAP hindguts as assessed by a cell permeable, fluorescent HDAC substrate (Figure 

S4a). This suggests that, while deacetylation is necessary for glucuronidation, it likely does 

not account for the differential drug sensitivities observed between byn>RasG12V and 

byn>RAP animals. 

Similar to trametinib, the acetamide-based drug phenacetin is modified by deacetylation 

and glucuronidation35, providing a useful in vivo competitor for drug-modifying enzymes. 

Administered as a single agent, phenacetin had no affect on byn>RAP survival (Figure 4e). 

However, combining trametinib with phenacetin alleviated drug resistance to rescue animals 

in a dose-dependent manner (Figure 4d). This data further supports the view that, similar to 

human patients31, byn>RAP animals require a two-step modification to suppress trametinib: 

deacetylation followed by glucuronidation.  

The impact of glucuronidation on drug response extended beyond animal survival. 

Targeting the hindgut proliferative zone (HPZ) in byn>RAP animals led to significant 

overgrowth compared to control animals (Figure 4g compared to 4f, quantified in 4k). 

Consistent with our adult survival assay, inhibiting deacetylation (vorinostat) in the presence 

of trametinib significantly suppressed overgrowth of the HPZ in byn>RAP tumours; 

trametinib or vorinostat alone did not have a strong effect (Figure 4h-j compared to 4g, 

quantified in 4k). Together, our data indicate that glucuronidation is enhanced by reducing 

Apc plus P53 activities in genotypically byn>RASG12V hindguts, leading to emergent drug 

resistance.  

Finally, inhibiting trametinib deacetylation by HDAC inhibitor (vorinostat) or via a 

competing substrate (phenacetin) significantly suppressed trametinib resistance in mouse 

AKP tumour organoids; again, single agents had no affect in the absence of trametinib 

(Figure 3e and 3f, S3e and S3h). These data indicate that, similar to fly RAP, deacetylation 

and glucuronidation are required for trametinib resistance in mouse AKP tumour organoids. 

HDAC inhibitors are well tolerated in the clinics, and this data provides a clinically 

accessible route to blocking glucuronidation of drugs such as trametinib that require a two-

step modification.  

 

Discussion 

Drug resistance in CRC patients remains one of the cancer field’s most persistent 

challenges. In this study, we demonstrate a mechanism by which CRC tumours achieve 

resistance to targeted therapies by elevating drug metabolism. We focused on trametinib, a 

potent MEK inhibitor that consistently failed to show significant clinical efficacy in KRAS-

mutant CRC patients. We confirmed that trametinib is first deacetylated by Histone 

Deacetylase 1 (HDAC1) to prepare the drug for glucuronidation, which in turn resulted in 

inactivation/elimination of trametinib in a byn>RAP hindgut tumour model. This 

upregulation of glucuronidation was achieved by elevated RAS plus WNT pathway activities, 

which in turn increased glucose uptake in a Pi3K/AKT-dependent manner. Blocking this 

RAS-WNT-Pi3K-deacetylation/glucuronidation network at any one of several points strongly 

suppressed drug resistance in byn>RAP tumours (Figure 5). For example, combining 
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trametinib with vorinostat proved potent in both Drosophila and mouse RAS-APC-P53 CRC 

models, addressing the most frequent three-mutation combination reported for CRC. Our 

findings indicate that glucuronidation—a major drug detoxification pathway—is upregulated 

in the context of oncogenic transformation and that this regulation is reversable. 

More than 70 therapeutic agents have been reported as metabolized by glucuronidation. 

Glucuronidation has been considered as a potential target of anticancer drug resistance 

including for colon cancer36,20, but mechanisms for regulating the pathway have been unclear 

and the large number of UDP-glucuronosyltransferases (UGTs) has made them poor 

candidates for targeting the pathway. Our study demonstrates that Ras/Erk plus Wnt/ß-

catenin signalling upregulates the activity of Pi3K/Akt/Glut1, enhancing glucuronidation by 

promoting glucose uptake and promoting drug resistance in byn>RasG12V tumours (Figure 5). 

Therapeutic targets include members of the Wnt/β-catenin and Pi3K/AKT pathways; for 

drugs such as trametinib that require an initial deacetylation step, we demonstrate the utility 

of HDAC inhibitors such as vorinostat as therapeutics. This two-step glucuronidation process 

also suggests a mechanism by which trametinib remains stable-but-inactive in the body: 

initial rapid deacetylation of trametinib keeps a metabolite in circulation until a slower 

glucuronidation step leads to its clearance. This view would explain previously-described 

distribution of metabolites in patients31.  

Increased glucose uptake is a characteristic of cancer cells, and aerobic glycolysis 

efficiently produces ATP synthesis that promotes cell proliferation, known as the Warburg 

effect37. Glycolysis also mediates drug response including chemotherapeutics, immune 

checkpoint inhibitors and small molecule therapeutics through induction of autophagy, 

epithelial-mesenchymal transition (EMT), and by enhancing glycolytic enzymes impact on 

nonenzymatic activities38,39. Our data show that the high levels of glucose in transformed 

cells also activate glucuronidation, enhancing drug metabolism in canonical RAS-APC-P53 

CRC tumours. Of note, a high sugar diet was sufficient to activate glucuronidation in RasG12V 

tumours, suggesting that high sugar diets can impact a patient’s response to anticancer drugs. 

In all, our study suggests multiple points to target along the emergent RAS-WNT-

glucuronidation network for re-sensitizing tumours to targeted therapies, and provides insight 

into the long-observed difference between genetic and chemical deletion of a therapeutic 

target.  
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Materials and methods 

Drosophila strains and genetics 

Fly lines were cultured at room temperature or 25-29 °C on standard fly food or food-plus-

compound. Fly food contained tayo agar 10g, soya flour 5g, sucrose 15g, glucose 33g, maize 

meal 15g, wheat germ 10g, treacle molasses 30g, yeast 35g, nipagin 10ml, propionic acid 5ml 

in 1000 ml water. Transgenes used (Bloomington Drosophila Stock Center number): byn-

gal4 (hindgut-specific line, V. Hartenstein), UAS-RasG12V (second chromosome, G. Halder), 

tub-gal80TS (Bloomington Drosophila Stock Center #7017), w1118 (#3605), UAS-mCD8-GFP 

(#5137), UAS-Hex-C-RNAi (#57404), UAS-UGP-RNAi (#50902), UAS-GlcAT-P-RNAi 

(#67771), UAS-sgl-RNAi (#65348), UAS-Akt-RNAi (#82957), UAS-plx-RNAi (AS160, 

#66313), UAS-HDAC1-RNAi (#36800), and UAS-ArmS10 (#4782). 

 

Construction of the Drosophila RAP model 

As previously described4, a pWalium expression vector was engineered with three Multiple 

Cloning Sites (MCS) downstream of UAS responsive elements. The RAP model was 

designed as a single plasmid construct incorporating the following: (i) oncogenic mutant 

Ras85DG12V in the first multiple cloning site (MCS), (ii) 4 short 21 bp hairpins targeted to 

downregulate Apc plus 4 to downregulate P53 as a single 8-mer hairpin cluster into the third 

MCS with micro-RNA and intron derived spacers and loop sequences as previously 

described4. The resulting plasmid was then stably inserted into the 2nd chromosome attP40 

genome ‘landing site’. The sequence for the P53-Apc 8-mer: 

      1  actctgaata gggaattggg aattgagatc tgttctagac catattcagc ctttgagagt tggacgttca gttcaagtct atagttatat tcaagcatat 

  101 agacttgaac tgaacgtcca gcgaaatctg gcgagacatc gagtagtgcc accaaaagtt agccgcgttg tggaaaatcc ccatattcag cctttgagag 

  201  tcaacgtgga cgttcagttc aatagttata ttcaagcata ttgaactgaa cgtccacgtt ggcgaaatct ggcgagacat cggagggaaa tggagaacgc 

  301  aaaaatccca ttataatgga accatattca gcctttgaga gtccggatga acaaggcctt caatagttat attcaagcat attgaaggcc ttgttcatcc 

  401  gggcgaaatc tggcgagaca tcgatgtgct tgatcgtaac tccatccaaa ctcgatatta acccatattc agcctttgag agttcggtgg ttattgcttc 

  501  agcatagtta tattcaagca tatgctgaag caataaccac cgagcgaaat ctggcgagac atcgacaaat aatgttgcaa taaccagttg aaaccaatgg 

  601  aatccatatt cagcctttga gagtctcaaa gttgtgcaac tcttatagtt atattcaagc atataagagt tgcacaactt tgaggcgaaa tctggcgaga 

  701 catcgaacta acccgttcac ctgcgacaat ttttaatcta ttttccatat tcagcctttg agagtctgga cgaccagctt cgatgatagt tatattcaag  

  801  catatcatcg aagctggtcg tccaggcgaa atctggcgag acatcgagac cacgatcgaa agaggaaaaa cggaaaacga acgaaccata ttcagccttt 

  901  gagagtaaag atggacaaga agtacgatag ttatattcaa gcatatcgta cttcttgtcc atctttgcga aatctggcga gacatcggga ctagttttca  

1001 ttatttatca gccagcacca acaacaccat attcagcctt tgagagtgca gctaaagatg gacaagaata gttatattca agcatattct tgtccatctt 

1101 tagctgcgcg aaatctggcg agacatcgtt ggtactcgag atagtttgta tgaaatattt atatttttag cggccgcaag aa 

 

Chemicals 

Drugs and compounds were as follows: trametinib (Selleckchem or biorbyt), UDP-glucose 

(ab120384, Abcam), sucrose (S0389, Sigma), LY294002 (Selleckchem), vorinostat 

(Selleckchem), phenacetin (Selleckchem), and alpelisib (Selleckchem). Drug and compound 

stocks were diluted in DMSO or water; drugs were then mixed into standard fly food with 

final DMSO concentration 0.1% to prevent toxicity.  

 

Liquid chromatography–mass spectrometry (LC–MS) in Drosophila 
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The third instar larvae were dissected in 1x PBS and hindguts (30) were lysed in 0.2 ml 

lysis solvent (methanol/acetonitrile/H2O (50:30:20)) on ice, homogenised, spun at 13,000 

rpm at 4 °C for 15 minutes, transferred to fresh 1.5 ml tubes, and stored at -80 ˚C. 

Supernatants were then analysed by LC-MS by separating using hydrophilic interaction 

liquid chromatography with a SeQuant ZIC-pHILIC column (2.1 × 150 mm, 5 μm) (Merck). 

Analytes were detected with high-resolution, accurate-mass mass spectrometry using an 

Orbitrap Exactive in line with an Accela autosampler. 

 

Statistical analysis 

Eggs were collected for 24 hours in drug-containing food at 18 °C to minimize transgene 

expression during embryogenesis to prevent embryonic effects or lethality. After 3 days, 

tubes were transferred to the appropriate temperature to induce transgene expression; the 

number of surviving Drosophila adults was quantified after 2 weeks. Statistical analysis was 

performed using Prims9. N.S P(>0.12), * P(0.033), ** P(0.002), *** P(0.001), and **** 

P(<0.0001). All statistical data were summarized in Supplementary Table2. All detailed 

genotypes were summarized in Supplementary Table3. 

 

Western blot analysis of Drosophila hindguts  

Third instar larvae were dissected in 1x PBS and hindguts (30) were put into 2x Laemmli 

sample buffer (2.1% SDS, 26.3% glycerol, 65.8 mM Tris-HCl (pH 6.8), 0.01% bromophenol 

blue, 5% 2-mercaptoethanol, BIO-RAD). After homogenization at 100 °C for 5 minutes, 

samples were centrifuged at 13,000 rpm for 10 minutes, and lysate supernatants were used for 

western blot analysis. For signal detection, SuperSignal West Pico PLUS Chemiluminescent 

Substrate (Thermo Scientific) was used. Primary antibodies used were as follows: anti-

Phospho-Akt (p-Akt, Ser473, D9E, Rabbit, #4060, Cell Signaling, 1:500 in 5%BSA/TBST 

(0.1% Tween20 in TBS)), anti-Akt (pan, C67E7, Rabbit, #4691, Cell Signaling, 1:1000 in 

5%BSA/TBST), monoclonal anti-α-Tubulin (mouse, T5168-2ML, SIGMA, 1:5000 in 

5%BSA/TBST). Secondary antibodies used: anti-mouse IgG, HRP-linked antibody (1:2000 

in 5%BSA/TBST, #7076S, Cell Signaling), anti-rabbit IgG, and HRP-linked antibody 

(1:2000 in 5%BSA/TBST, #7074S, Cell Signaling).  

 

Endogenous UDP release assay, glucose assay, and HDAC activity assay 

Third instar larvae were dissected in 1x PBS and hindguts (2-3) were assayed in 1x PBS. 

Cell number was measured by CellTiter-FluorTM Cell Viability Assay kit (Promega). 

Endogenous UDP release was measured by UDP-GloTM Glycosyltransferase Assay kit 

(Promega). HDAC activity was detected by HDAC Cell-Based Activity Assay kit (#600150, 

Cayman). Glucose levels were detected with the Glucose Assay Kit (ab169559, Abcam): 10 

hindguts were homogenized on ice in cold Glucose Assay Buffer.  
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Imaging of the digestive tract of third instar larvae 

Third instar larvae were dissected in 1x PBS and fixed with 4% paraformaldehyde for 25 

min at room temperature, then washed 15 min in PBT (0.1% Triton X in 1xPBS). Samples 

were mounted with DAPI-containing SlowFade Gold Antifade Reagent (#S36939, Molecular 

Probes). Fluorescence images were visualized on a Lecia TSC SPE confocal microscope. 

 

3D Cell culture 

Organoid cultures were previously derived from mouse small intestines: AKP (VilCreERT2 

Apcfl/fl, KrasG12D/+, Trp53fl/fl)40. Isolated crypts were resuspended in Matrigel (BD Bioscience, 

356231), plated in six-well plates, and overlaid with ENR growth medium comprising 

advanced DMEM/F12 (12634010) supplemented with penicillin–streptomycin (15070063), 

10 mM HEPES (15630056), 2 mM glutamine (25030081), N2 (17502048), B27 (17504044) 

(all from Gibco, Life Technologies), 100 ng/ml Noggin (250-38), 500 ng/ml R-Spondin (315-

32) and 50 ng/ml EGF (315-09) (all from PeproTech).  

AKP organoids were maintained in OCM medium (2.5ml EGF, 1ml Noggin, 1.5ml 

N2/B27, 45ml Advanced Serum Medium (1X, 500ml Advanced DMEM/F12, 5ml L-

glutamine, 5ml 1M Hepes, 5ml Pen/Strep) in Growth Factor Reduced Matrigel (#356231). 

Cell suspensions were generated from organoids by mechanical disruption and seeded in 96–

well plates in OCM medium ± drugs. After 48 hours, cell viability was measured by 

CellTiter-Blue® Cell Viability Assay kit (Promega). Endogenous UDP release was detected 

by UDP-GloTM Glycosyltransferase Assay kit (Promega). 
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Figure Legends 

Figure 1: Glucuronidation pathway induces trametinib resistance in Drosophila. 

(A, D, E, F, G and H) Percent survival of transgenic flies to adulthood relative to control flies 

was quantified in the present or absence of trametinib (1M) or UDP-Glc as indicated. (A) 

Wild-type (WT), RasG12V and RAP; (D and E) RAP + GFP (control), RAP +Hex-C-RNAi, 

RAP +UGP-RNAi, RAP +Sgl-RNAi, RAP + GlcAT-P-RNAi; (F) Sgl-RNAi and GlcAT-P-

RNAi; (G) WT; (H) RasG12V. (B) A heatmap of LC/MS showed top 50 metabolises. (C) An 

overview of the glucuronidation pathway. Transgene expression was induced in Drosophila 

hindguts by a byn-GAL4 driver. Drug concentrations indicate final food concentrations. Each 

data point represents a replicate. 

 

Figure 2: Pi3K/Akt signalling induces trametinib resistance by enhancing 

glucuronidation in Drosophila. 

(A, C, F, H and K) Percent survival of transgenic flies to adulthood relative to control flies 

was quantified in the present or absence of trametinib (1M), sucrose. (A) RasG12V; (C) 

RasG12V+GFP, RasG12V+Sgl-RNAi and RasG12V+GlcAT-P-RNAi; (F) RAP+GFP, RAP+Akt-

RNAi; (H) RAP+AS160-RNAi; (K) RasG12V+ArmCA were induced in Drosophila hindguts. (D 

and E) Western blot analysis of Drosophila hindguts pAkt and Akt levels in RasG12V, RAP, 

WT, ArmCA, or RasG12V+ArmCA with or without sucrose. (G, I and J) Released UDP analysis 

of RAP+GFP, RAP+Akt-RNAi, RAP+AS160-RNAi, RasG12V, ArmCA or RasG12V+ArmCA with 

trametinib in Drosophila hindguts. Transgene expression was induced in Drosophila hindguts 

by a byn-GAL4 driver. Increased dietary sugar led to increased glucuronidation and reduced 

trametinib activity, while targeting glucuronidation enzymes or Pi3K pathway activity 

strongly potentiated trametinib activity. 

 

Figure 3: Deacetylation, glucuronidation lead to trametinib resistance in mouse AKP 

organoids. 

(A) Released UDP analysis of mouse AKP organoids in the present of trametinib. (B, C, E 

and F) Percent survival of AKP organoids relative to control was quantified in the present or 

absence of trametinib (5nM), fasentin (30M), LY294002 (8M), vorinostat (0.5M) or 

phenacetin (100M). (D) Representative images showing the impact of drugs on AKP 

organoids. Targeting glucuronidation led to increased effectiveness of trametinib.  

 

Figure 4: HDAC1 is required for glucuronidation of trametinib in Drosophila. 

(A) Released UDP analysis of RAP+GFP or RAP+HDAC1-RNAi with trametinib in 

Drosophila hindguts. (B, C, D and E) Percent survival of adult tumour flies relative to control 

flies was quantified in the present or absence of trametinib (1M), vorinostat (0.5M) or 

phenacetin. (B) RAP +HDAC1-RNAi, (C, D and E) RAP. Reduced HDAC activity led to 
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reduced trametinib-dependent UDP release. (F-J) Images of the digestive tract of third instar 

larvae in the present or absence of trametinib (1 M), vorinostat (0.5 M) which include the 

hindgut proliferation zone (HPZ). Nuclei are visualized with 4′,6-diamidino-2-phenylindole 

(DAPI) staining, hindgut is marked by GFP. Scale bar 1mm. (K) The average of hindgut 

proliferation zone (HPZ) size was measured by Fiji ImageJ and quantified as relative size to 

wild-type (WT) hindgut. Transgene expression was induced in Drosophila hindguts by a byn-

GAL4 driver. Reducing deacetylation/glucuronidation with vorinostat increased trametinib’s 

ability to rescue hindgut size. 

 

Figure 5: Schematic summary  

Trametinib (tram) is a potent MEK inhibitor with the demonstrated preclinical ability to 

block RAS pathway signalling and oncogenic transformation. Pairing activated RAS and 

WNT activities leads to activation of PI3K/AKT signalling, AS160, and GLUT1/4 to increase 

glucose flux into cells. The result is elevated glucuronidation and elimination of trametinib. 

Potential therapeutic targets include HDAC1: deacetylation is an obligatory pre-step required 

for glucuronidation of some drugs including trametinib. 
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Supporting information 

Supplementary Figure 1: Screen for RAS pathway inhibitors 

(a) A summary of rescue rate of RAS pathway inhibitors in RasG12V hindgut tumours. (b) 

Percent survival of wild type flies to adulthood relative to control fly was quantified in the 

present or absence of trametinib (1 M). (c) An enrichment overview of metabolites for RAP 

vs. RasG12V in the presence of trametinib in fly hindguts. (d) Released UDP analysis of 

RasG12V or RAP with trametinib in fly hindguts. (e) Relative glucose level of wild type (WT), 

RasG12V, RAP in fly hindguts. Transgene expression was induced in Drosophila hindguts by a 

byn-GAL4 driver. 

 

Supplementary Figure 2: High dietary sucrose promoted glucuronidation 

(a, b, c and d) Percent survival of transgenic CRC flies to adulthood relative to control fly 

was quantified in the present or absence of sucrose, trametinib (1M), or LY294002. (a) 

wild-type (WT); (b) WT and ArmCA; (c) RAP; (d) WT.  

 

Supplementary Figure 3: Deacetylation plus glucuronidation was required for 

trametinib resistance in mouse AKP organoids 

(a and b) Percent survival of AKP organoids relative to control was quantified in the present 

or absence of trametinib (5nM), UDP-Glc (0.5M), and alpelisib (2M). (c-h) Representative 

images demonstrating the effect of drugs in AKP organoids. 

 

Supplementary Figure 4: No difference observed in HDAC activity between RAP and 

RasG12V in the fly hindgut 

(a) HDAC activity analysis of wild type (WT), RasG12V and RAP in fly hindguts. 

 

Supplementary Table 1: LC/MS data for RAP vs RasG12V in the presence of trametinib in 

Drosophila hindguts. 

 

Supplementary Table 2: Summary of statistical analyses. 

 

Supplementary Table 3: Detailed genotypes. 
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Figure 1:
Glucuronidation pathway induces trametinib resistance in Drosophila
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Figure 2:
Pi3K/Akt signalling induces trametinib resistance by enhancing glucuronidation in 
Drosophila
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Figure 3:
Deacetylation, glucuronidation lead to trametinib resistance in mouse AKP organoids
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Figure 4:
HDAC1 is required for glucuronidation of trametinib in Drosophila
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Supplementary Figure 1:
Screen for RAS pathway inhibitors
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Supplementary Figure 2:
High dietary sucrose promoted glucuronidation
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Deacetylation plus glucuronidation was required for trametinib resistance in mouse 
AKP organoids
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No difference observed in HDAC activity between RAP and RasG12V in the fly hindgut



compound 27C° RAP+T_1 27C° RAP+T_2 27C° RAP+T_3 27C° RasV12+T_1 27C° RasV12+T_2 27C° RasV12+T_3
(R)-3-(4-Hydroxyphenyl)lactate 5.346352975 5.320146287 5.580924976 5.558708571 5.539076099 5.63447727
2-Oxoadipate 5.698100546 5.656098202 5.328379604 5.378397902 5.336459735 5.804820679
2-Oxoglutarate 7.096910013 6.995196292 7.041392685 7.06069784 7.041392685 7.071882007
2-Phospho-D-glycerate 5.703291378 5.692846919 5.851258349 5.67669361 5.791690649 5.679427897
3,4-Dihydroxy-L-phenylalanine 4.164353042 4.232996246 4.278753711 4.290034716 4.324282544 4.44870637
4-Hydroxy-2-quinolinecarboxylic acid 5.996949249 6.06069784 6.991669007 6.440909082 6.646403726 6.888179494
5-Hydroxy-N-formylkynurenine 4.789580723 4.642464541 4.947433727 4.056905156 3.431369197 3.494158663
5'-Methylthioadenosine 5.982271233 6.079181246 5.974971994 6.117271296 6.10720997 6.130333769
7-Methylguanosine 5.810232518 5.892094603 5.789580712 5.957128198 5.913813852 5.983626287
Acetyl-CoA 5.474216265 5.456366034 5.431363765 5.35410844 5.429752281 5.292256072
Adenine 6.281033367 6.354108439 6.352182518 6.255272505 6.292256071 6.238046103
Adenosine 6.536558443 6.824776462 6.431363764 6.69019608 7.086359831 6.588831726
ADP 6.423245874 6.5289167 6.380211242 6.596597096 6.534026106 6.505149978
ADP-ribose 3.064487422 3.262462917 2.282115054 2.980501224 2.980046795 3.004360197
Allantoin 6.728353782 6.761927838 6.863917377 6.505149978 6.5132176 6.778874472
AMP 6.887054378 7.008600172 6.721810615 7.037426498 6.906873535 6.916453949
ATP 7.025305865 6.958085849 6.995196292 7.004321374 7.008600172 6.991226076
CDP 4.678518396 4.541579277 4.685741755 4.66275785 4.568201753 4.489958521
cis-Aconitate 7.396199347 7.372912003 7.247973266 7.161368002 7.340444115 7.519827994
Citrate 7.700703717 7.790988475 7.555094449 7.146128036 7.245512668 7.465382851
CMP 5.184691433 5.143014802 5.133538911 5.257678576 5.033423759 5.139879088
CoA 5.6599162 5.710117365 5.623249291 5.587710965 5.643452677 5.598790507
Creatine 5.260071389 5.996949249 5.367355922 5.880813592 5.542825427 6.146128036
Cystathionine 5.340444116 5.51851394 5.350248019 5.235528448 5.344392274 5.424881637
Cytidine 5.113943355 5.025305869 5.346352975 5.419955749 5.079181249 5.178976949
dAMP 4.629409621 4.06069814 4.64443861 4.290034716 4.580925003 4.152288541
Decanoyl-CoA 5.170261717 4.785329846 5.195899654 5.164352858 4.505150017 4.863322868
D-Galactose 6-phosphate 6.451786436 6.357934847 6.557507202 6.324282455 6.421603927 6.514547753
D-Glucosamine 6-phosphate 6.694605199 6.58546073 6.472756449 6.383815366 6.367355921 6.539076099
D-Glucose 6.372912003 6.5289167 6.790988475 6.657055853 6.694605199 6.725911632
D-Glucose 6-phosphate 6.655138435 6.537819095 6.631443769 6.471291711 6.550228353 6.525044807
D-Glyceraldehyde 3-phosphate 5.481442629 5.35410844 5.545307117 5.542825427 5.553883027 5.510545011
Digalacturonate 4.371067934 5.217483946 4.532754413 2.996551917 2.298544443 2.298544443
Dopaquinone 6.949390007 7.029383778 6.869818208 6.718501689 7.123851641 7.204119983
D-Sedoheptulose-7-phosphate 5.344392274 5.336459735 5.480006943 5.301029997 5.313867221 5.399673722
dTDP-glucose 5.526339278 4.952792448 5.536558443 5.47275645 5.531478917 5.18184359
D-Xylose 5.206825878 5.301029997 5.48995848 5.107209972 5.133538911 5.303196058
FAD 5.688419822 5.716837723 5.679427897 5.667452953 5.777426822 5.74036269
Fumarate 7.100370545 7.029383778 7.10720997 7.093421685 7.089905111 7.1430148
GDP 5.324282456 5.437750563 5.334453752 5.371067863 5.459392488 5.315970346
GDPhexose 4.996073659 5.008600176 4.969881648 4.888179501 4.888179501 4.884795371
Glutathione 7.787460475 7.896526217 7.856124444 7.766412847 7.653212514 7.672097858
Glutathione disulfide 5.465382852 5.563481086 5.544068045 5.618048097 5.495544338 5.6599162
Glycine 6.655138435 6.707570176 6.567026366 6.654176542 6.719331287 6.691081492
Glyoxylate 4.706717798 4.705863728 4.939019782 4.701568001 4.569373938 4.661812704
GMP 5.453318341 5.463892989 5.287801731 5.411619707 5.350248019 5.161368004
GSSG 5.110589713 5.143014802 5.161368004 5.271841608 5.212187606 5.096910016
GTP 5.526339278 5.6599162 5.586587305 5.432969291 5.57634135 5.437750563
Guanine 4.643452697 5.136720569 4.283301336 5.139879088 5.053078447 5.201397126
Guanosine 5.868056362 5.969415912 5.73479983 5.903632516 5.945960704 5.840106095
Hypoxanthine 6.214843848 6.340444115 6.089905111 6.58546073 6.737192643 6.633468456
IMP 6.748962861 6.592176757 6.677606953 6.730782276 6.783188691 6.810904281
Inosine 6.250420002 5.996949249 6.260071388 6.08278537 6.320146286 6.328379603
L-Alanine 7.374748346 7.31386722 7.509202522 7.431363764 7.385606274 7.423245874
L-Arginine 7.786751422 7.988558957 7.682145076 7.971275849 7.952792443 7.942999593
L-Arginine phosphate 7.394451681 7.460897843 7.426511261 7.378397901 7.44870632 7.445604203
L-Asparagine 7.582063363 7.653212514 7.552668216 7.563481085 7.586587305 7.57863921
L-Aspartate 6.346352974 6.600972896 6.294466226 6.604226053 6.531478917 6.57863921
L-Carnitine 8.303196057 8.164352856 8.227886705 8.152288344 8.285557309 8.071882007
L-Citrulline 5.951337519 6.475671188 5.879669206 6.820857989 6.541579244 7.537819095
L-Cystine 4.692846936 4.697229359 4.652246361 4.689308876 4.89817649 4.701568001
L-Formylkynurenine 4.149219312 5.260071389 4.152288541 4.731588779 4.390935173 4.557507232
L-Glutamate 8.193124598 8.340444115 8.167317335 8.342422681 8.064457989 8.330413773
L-Glutamine 8.646403726 8.633468456 8.568201724 8.57863921 8.596597096 8.584331224
L-Glutamyl 5-phosphate 5.530199699 5.372912004 5.456366034 5.336459735 5.326335862 5.27415785
L-Histidine 6.245512668 6.206825876 6.204119983 5.795880017 5.930949031 5.941511433
L-Homocysteine 4.745855208 4.690196097 4.722633937 4.428134849 4.559906655 4.454844909
L-Isoleucine 8.136720567 8.357934847 8.290034611 8.357934847 8.489958479 8.257678575

Ross Cagan
Supplementary Table 1: LC/MS data for RAP vs Ras[G12V] in the presence of trametinib in Drosophila hindguts



L-Kynurenine 5.788168371 6.260071388 5.819543936 5.457881897 6.350248018 6.193124598
L-Lactate 7.765668555 7.602059991 7.943494516 7.925827575 8.004321374 7.990782692
L-Leucine 7.958085849 8.133538908 8.012837225 8.025305865 7.741939078 8.041392685
L-Lysine 7.51054501 7.758911892 7.511883361 7.526339277 7.64246452 7.67669361
L-Methionine 7.574031268 7.764922985 7.558708571 7.541579244 7.617000341 7.583198774
L-Ornithine 5.82020146 7.06069784 5.733999287 6.361727836 6.269512944 6.489958479
L-Phenylalanine 7.749736316 7.970346876 7.652246341 7.80685803 7.88592634 7.901458321
L-Proline 9.093421685 9.113943352 9.08278537 9.103803721 9.1430148 9.11058971
L-Serine 7.146128036 7.385606274 7.075546961 7.139879086 7.120573931 7.301029996
L-Threonine 6.998259338 6.925312092 7.164352856 7.201397124 7.041392685 7.096910013
L-Tryptophan 7.214843848 7.591064607 7.184691431 7.305351369 7.488550717 7.484299839
L-Tyrosine 8.240549248 8.264817823 8.238046103 8.274157849 8.285557309 8.217483944
L-Valine 8.220108088 8.390935107 8.130333768 8.176091259 8.243038049 8.326335861
Maltose 7.450249108 7.372912003 7.563481085 7.392696953 7.436162647 7.354108439
Mannitol 6.413299764 6.326335861 6.747411808 6.603144373 6.882524538 6.626340367
N6-(L-1,3-Dicarboxypropyl)-L-lysine 5.130333771 5.17318627 5.245512669 5.103803723 5.198657089 5.48995848
N6-Acetyl-L-lysine 5.068185865 5.176091261 5.123851643 5.079181249 4.993436235 5.149219115
N7-Methylguanosine 4.544068077 4.895422552 4.775974342 4.654176561 4.814247605 4.565847848
N-acetyl-aspartate 6.311753861 6.28780173 6.176091259 6.136720567 6.303196057 6.408239965
N-Acetyl-D-glucosamine 6-phosphate 6.037426498 5.98811284 5.911690159 5.85672889 5.712649702 5.930949031
NAD+ 5.756636108 5.742725131 5.729974286 5.755112267 5.773054693 5.822821645
NADH 6.324282455 6.292256071 6.348304863 6.365487985 6.404833717 6.414973348
NADPH 5.488550717 5.432969291 5.431363765 5.303196058 5.421603927 5.342422682
N-Formylmethionine 4.285557415 4.214843995 4.033424095 3.935507799 4.113943587 4.305351467
N-Glycosyl-L-asparagine 5.567026366 5.646403726 5.635483747 5.774516966 5.718501689 5.818225894
O-Phospho-L-serine 4.537819128 4.745855208 4.739572358 4.394451745 3.874482524 3.968483407
Oxalate 5.756636108 5.719331287 5.816903839 5.782472624 5.875639937 5.800717078
Oxalosuccinate 4.674861158 4.855519163 5.184691433 4.916453954 5.000000004 5.041392688
Oxalureate 4.81090429 4.770115306 4.767897628 4.52113812 4.985426478 5.056904854
Phosphoenolpyruvate 5.332438461 5.326335862 5.496929648 5.460897843 5.505149979 5.367355922
p-Hydroxyphenylacetylglycine 5.530199699 5.592176758 5.655138435 4.959518382 5.344392274 5.374748347
Pseudouridine 5.457881897 5.429752281 5.557507202 5.652246341 5.494154594 5.622214023
Pyruvate 6.555094449 6.591064607 6.514547753 6.342422681 6.40654018 6.465382851
ribulose-5-phosphate 5.26717173 5.326335862 5.698100546 4.94051649 5.164352858 5.103803723
S-Adenosyl-L-homocysteine 5.462397998 5.519827994 5.439332694 5.431363765 5.456366034 5.457881897
S-Adenosyl-L-methionine 6.397940009 6.545307116 6.416640507 6.290034611 6.29666519 6.322219295
S-Glutathionyl-L-cysteine 5.404833717 5.462397998 5.404833717 5.459392488 5.531478917 5.556302501
sn-Glycero-3-phosphoethanolamine 7.686636269 7.725911632 7.600972896 7.829946696 7.770852012 7.815577748
sn-Glycerol 3-phosphate 6.57634135 6.376576957 6.719331287 6.805500858 6.666517981 6.706717782
Succinate 7.10720997 7.064457989 7.178976947 6.940516485 6.983175072 7.079181246
Taurine 6.245512668 6.307496038 6.514547753 5.747411808 5.751279104 5.680335514
Tetradecanoyl-CoA 4.278753711 4.401400603 3.885361892 4.585460756 4.411619765 4.540329508
Threonate 7.187520721 7.243038049 7.276461804 7.127104798 7.173186268 7.340444115
Thymine 4.942504111 4.778874483 4.877371353 4.942999599 4.786041221 5.089905114
UDP 5.889301703 5.875639937 5.8162413 5.685741739 5.834420704 5.758154622
UDP-glucose 6.33243846 6.326335861 6.292256071 6.230448921 6.276461804 6.255272505
UDP-N-acetylglucosamine 6.888179494 6.846955325 6.767155866 6.783188691 6.906873535 6.870403905
UMP 5.463892989 5.235528448 5.392696954 5.161368004 5.390935108 5.217483946
Urate 7.079181246 7.086359831 6.911690159 6.645422269 6.774516966 6.901458321
UTP 6.338456494 6.285557309 6.354108439 6.123851641 6.220108088 6.041392685
Xanthine 5.713490543 5.604226053 5.870403905 6.230448921 5.967547976 6.071882007
Xanthosine 5'-phosphate 5.206825878 5.1931246 5.164352858 5.056904854 5.093421688 5.025305869
Xanthosine 5-triphosphate 5.130333771 5.184691433 5.110589713 5.328379604 5.376576958 5.408239966
Xanthurenic acid 5.964730921 6.44870632 5.968015714 6.385606274 6.414973348 6.342422681
Xanthosine 4.406540241 4.173186447 4.292256174 4.311753955 4.584331251 4.557507232
Deoxyinosine 4.755874868 5.212187606 4.580925003 4.865696067 5.056904854 5.110589713
Deoxyadenosine 4.21748409 4.296665291 4.100370795 4.549003294 4.303196155 4.481442672
Deoxyguanosine 6.536558443 6.824776462 6.42975228 6.69019608 7.086359831 6.588831726
5-L-Glutamyl-taurine 4.812913366 5.474216265 4.820201469 5.475671189 5.522444234 5.320146287
N-(L-Arginino)succinate 4.758911904 4.93247377 4.711807244 4.855519163 5.053078447 4.827369282
3-Phospho-D-glycerate 5.703291378 5.851258349 5.692846919 5.791690649 5.679427897 5.67669361
5-Hydroxykynurenine 4.877371353 5.419955749 5.049218026 4.997823085 5.460897843 5.413299765
5-Hydroxy-L-tryptophan 4.294466328 4.041393013 4.37839797 4.37839797 4.561101414 3.989450233
Biotin 5.07188201 5.07188201 4.988558961 4.820857998 4.923761966 4.83505611
Histamine 5.64738297 5.716003344 5.609594409 5.737987326 5.731588765 5.706717782
7,8-Dihydrobiopterin 4.704150532 4.563481115 4.592176783 5.056904854 5.117271298 5.056904854
4a-Hydroxytetrahydrobiopterin 3.757397239 3.058456286 3.058456286 4.220108232 4.143015005 4.181843759
6-Methyltetrahydropterin 4.06069814 3.850034048 3.954725279 4.260071508 4.556302531 4.332438546
Cytosine 5.361727837 5.276461805 5.527629901 5.622214023 6.017033339 5.727541257



Phenyl acetate 4.354108517 4.315970438 4.096910267 3.465387497 3.94200857 3.738781877
Phosphodimethylethanolamine 6.103803721 6.120573931 6.056904851 5.901458321 5.978180517 5.907948522
D-4'-Phosphopantothenate 2.822257888 2.822257888 2.822257888 4.212187753 3.521141677 4.120574159
Indoleacetic acid 6.096910013 6.146128036 6.025305865 6.240549248 6.170261715 6.217483944
Carnosine 5.250420004 5.716837723 5.411619707 5.301029997 5.491361694 5.685741739
Pantothenate 6.948412966 6.8162413 6.818225894 6.841984805 6.828659897 6.627365857



Figure1A mean 1 mean 2 mean Diff SE of Diff n1 n2 Summary
WT_DMSO vs. RasG12V_DMSO 105.6 14.71 90.91 12.62 16 18 ***
WT_DMSO vs. RasG12V_T 105.6 89.12 16.5 10.99 16 37 ns
WT_DMSO vs. RAP_DMSO 105.6 1.667 104 14.03 16 12 ***
WT_DMSO vs. RAP_T 105.6 8.666 96.96 14.81 16 10 ***
RasG12V_DMSO vs. RasG12V_T 14.71 89.12 -74.41 10.56 18 37 ***
RAP_DMSO vs. RAP_T 1.667 8.666 -6.999 15.73 12 10 ns

Figure1D mean 1 mean 2 mean Diff SE of Diff n1 n2 Summary
RAP_DMSO vs. +sgl-RNAi_DMSO 1.667 6.25 -4.583 3.777 12 12 ns
RAP_DMSO vs. +µGP-RNAi_DMSO 1.667 1.852 -0.185 4.626 12 6 ns
RAP_DMSO vs. +Hex-C-RNAi_DMSO 1.667 6.858 -5.191 4.924 12 5 ns
RAP_DMSO vs. +GlcAT-P-RNAi_DMSO 1.667 5.397 -3.73 4.079 12 9 ns

Figure1E mean 1 mean 2 mean Diff SE of Diff n1 n2 Summary
RAP_Trametinib vs. +sgl-RNAi_Trametinib 9.629 69.36 -59.73 16.88 9 13 **
RAP_Trametinib vs. +µGP-RNAi_Trametinib 9.629 39.06 -29.43 18.35 9 9 ns
RAP_Trametinib vs. +Hex-C-RNAi_Trametinib 9.629 29.67 -20.05 18.35 9 9 ns
RAP_Trametinib vs. +GlcAT-P-RNAi_Trametinib 9.629 58.75 -49.12 18.92 9 8 *

Figure1F mean 1 mean 2 mean Diff SE of Diff n1 n2 Summary
WT_DMSO vs. sgl-RNAi_DMSO 106.1 107.8 -1.714 12.92 19 15 ns
WT_DMSO vs. GlcAT-P-RNAi_DMSO 106.1 75.17 30.93 13.18 19 14 ns
WT_Trametinib vs. sgl-RNAi_Trametinib 116.6 117 -0.4274 12.92 19 15 ns
WT_Trametinib vs. GlcAT-P-RNAi_Trametinib 116.6 72.29 44.32 13.18 19 14 **

Figure1G mean 1 mean 2 mean Diff SE of Diff n1 n2 Summary
WT_Trametinib vs. +0.1mM µDP-G 94.38 103.5 -9.113 15.98 12 12 ns
WT_Trametinib vs. +0.5mM µDP-G 94.38 93.65 0.7292 19.57 12 6 ns

Figure1H mean 1 mean 2 mean Diff SE of Diff n1 n2 Summary
RasG12V_Trametinib vs. +0.1mM µDP-G 86.67 98.57 -11.91 19.78 17 10 ns
RasG12V_Trametinib vs. +0.5mM µDP-G 86.67 44.16 42.51 17.91 17 14 *

Figure2A mean 1 mean 2 mean Diff SE of Diff n1 n2 Summary
RasG12V_DMSO vs. +0.3M Sµ 43.62 4.789 38.83 7.033 24 18 ***
RasG12V_DMSO vs. RasV12_Trametinib 43.62 70.26 -26.64 6.512 24 24 ***
RasG12V_Trametinib vs. +T+0.3M Sµ 70.26 25.62 44.64 7.975 24 12 ***

Figure2B median 1 median 2  Diff n1 n2 Summary
RasG12V_Trametimib vs. +0.3M Sµ 1 1.422 0.4222 8 8 *

Figure2C mean 1 mean 2 mean Diff SE of Diff n1 n2 Summary
RasG12V_Trametinib+0.3M Sµ vs. +sgl-RNAi_0.3M Sµ 8 12.86 -4.857 10.19 20 21 ns
RasG12V_Trametinib+0.3M Sµ vs. +sgl-RNAi_T+0.3M Sµ 8 101.4 -93.37 10.75 20 17 ***
RasG12V_Trametinib+0.3M Sµ vs. +GlcAT-P-RNAi_T+0.3M Sµ 8 84.78 -76.78 11.14 20 15 ***
RasG12V_Trametinib+0.3M Sµ vs. +GlcAT-P-RNAi_0.3M Sµ 8 22.32 -14.32 11.36 20 14 ns

Figure2F mean 1 mean 2 mean Diff SE of Diff n1 n2 Summary
RAP+GFP_DMSO vs. RAP+akt-RNAi_DMSO 6.666 18.08 -11.42 23.64 5 8 ns
RAP+GFP_Trametinib vs. RAP+akt-RNAi_Trametinib 35.21 121.1 -85.89 19.67 8 10 ***

Figure2G median 1 median 2  Diff n1 n2 Summary
RAP+GFP_Trametinib vs. RAP+akt-RNAi_Trametinib 1 0.3318 -0.6682 5 5 **

Figure2H median 1 median 2 mean Diff n1 n2 Summary
RAP+AS160-RANi_DMSO vs. +Trametinib 0 26.79 26.79 12 12 **

Figure2I median 1 median 2  Diff n1 n2 Summary
RAP+GFP_Trametinib vs. RAP+AS160-RNAi_Trametinib 0.9579 0.6207 -0.3372 6 6 **

Figure2J mean 1 mean 2 mean Diff SE of Diff n1 n2 Summary
RasG12V+ArmCA_Trametinib vs. RasG12V_Trametinib 2.758 0.9995 1.758 0.586 4 4 *
RasG12V+ArmCA_Trametinib vs. ArmCA_Trametinib 2.758 1.154 1.604 0.586 4 4 *

Figure2K mean 1 mean 2 mean Diff SE of Diff n1 n2 Summary
RasG12V+ GFP_DMSO vs. + ArmCA_DMSO 15 9.946 5.055 17.55 5 20 ns
RasG12V+ GFP_DMSO vs. +GFP_Trametinib 15 82.31 -67.31 16.99 5 29 ***
RasG12V+ GFP_DMSO vs. +ArmCA_Trametinib 15 20 -5 17.55 5 20 ns
RasG12V+ ArmCA_DMSO vs. +ArmCA_Trametinib 9.946 20 -10.05 11.1 20 20 ns
RasG12V+GFP_Trametinib vs. RasG12V+ArmCA_T 82.31 20 62.31 10.2 29 20 ***

Figure3A median 1 median 2  Diff n1 n2 Summary
RAP+GFP_Trametinib vs. RAP+HDAC1-RNAi_Trametinib 1 0.3576 -0.6424 6 6 *

Figure3B median 1 median 2 mean Diff n1 n2 Summary
RAP+GFP_DMSO vs. RAP+HDAC1-RNAi_Trametinib 0 87.5 87.5 12 10 ****

Figure3C mean 1 mean 2 mean Diff SE of Diff n1 n2 Summary
RAP_DMSO vs. RAP_0.5µM Vorinostat 13.47 8.677 4.788 6.018 18 12 ns
RAP_DMSO vs. RAP_Trametinib 13.47 21.75 -8.289 5.382 18 18 ns
RAP_Trametinib vs. RAP_T+ 0.5µM Vorinostat 21.75 49 -27.24 5.382 18 18 ***
RAP_0.5µM Vorinosta vs. RAP_Trametinib+ 0.5µM Vorinostat 8.677 49 -40.32 6.018 12 18 ***

Figure3D mean 1 mean 2 mean Diff SE of Diff n1 n2 Summary
RAP_Trametinib vs. RAP_Trametinib+5µM Phenacetin 34.51 46.15 -11.64 12.62 12 12 ns
RAP_Trametinib vs. RAP_Trametinib+10µM Phenacetin 34.51 65.4 -30.89 12.62 12 12 ns
RAP_Trametinib vs. RAP_Trametinib+15µM Phenacetin 34.51 70.79 -36.28 12.62 12 12 *
RAP_Trametinib vs. RAP_Trametinib+20µM Phenacetin 34.51 67.4 -32.89 12.62 12 12 *

P valµe style: 0.12 (ns), 0.033(*), 0.002(**), <0.001 (***)

Ross Cagan
Supplementary Table 2: Statistical Analyses



Figure3E mean 1 mean 2 mean Diff SE of Diff n1 n2 Summary
RAP_DMSO vs. RAP_5µM Phenacetin 7.657 9.317 -1.66 3.508 12 12 ns
RAP_DMSO vs. RAP_10µM Phenacetin 7.657 10.23 -2.573 3.508 12 12 ns
RAP_DMSO vs. RAP_15µM Phenacetin 7.657 9.526 -1.869 3.508 12 12 ns
RAP_DMSO vs. RAP_20µM Phenacetin 7.657 9.975 -2.318 3.508 12 12 ns

Figure3K mean 1 mean 2 mean Diff SE of Diff n1 n2 Summary
WT vs. RAP_DMSO 1 2.393 -1.393 0.3056 7 12 ***
WT vs. RAP_Trametinib 1 1.982 -0.9819 0.3056 7 12 *
WT vs. RAP_Vorinostat 1 2.484 -1.484 0.3435 7 7 ***
WT vs. RAP_Trametinib+Vorinastat 1 1.475 -0.4754 0.3107 7 11 ns
RAP_DMSO vs. RAP_Trametinib 2.393 1.982 0.4112 0.2623 12 12 ns
RAP_DMSO vs. RAP_Vorinostat 2.393 2.484 -0.09147 0.3056 12 7 ns
RAP_DMSO vs. RAP_Trametinib+Vorinostat 2.393 1.475 0.9176 0.2682 12 11 *
RAP_Trametinib vs. RAP_Trametinib+Vorinostat 1.982 1.475 0.5064 0.2682 12 11 ns
RAP_Vorinostat vs. RAP_Trametinib+Vorinostat 2.484 1.475 1.009 0.3107 7 11 *

Figure4A mean 1 mean 2 mean Diff SE of Diff n1 n2 Summary
AKP_DMSO vs. AKP_Trametinib (5nM, 48h) 1 1.525 -0.5254 0.1169 8 8 ***
AKP_DMSO vs. AKP_Trametinib (10nM, 48h) 1 1.684 -0.6838 0.1169 8 8 ***

Figure4B mean 1 mean 2 mean Diff SE of Diff n1 n2 Summary
AKP_DMSO vs. AKP_Trametinib (5nM, 48h) 100 84.22 15.78 6.014 4 4 ns
AKP_DMSO vs. AKP_Fasetin (30µM, 48h) 100 87.82 12.18 6.014 4 4 ns
AKP_DMSO vs. AKP_Tratinib+Fasetin 100 62.4 37.61 6.014 4 4 ***
AKP_Trametinib (5nM, 48h) vs. AKP_Trametinib+Fasetin 84.22 62.4 21.82 6.014 4 4 *
AKP_Fasetin (30µM, 48h) vs. AKP_Trametinib+Fasetin 87.82 62.4 25.42 6.014 4 4 **

Figure4C mean 1 mean 2 mean Diff SE of Diff n1 n2 Summary
AKP_DMSO vs. AKP_Trametinib (5nM, 48h) 100 78.66 21.34 3.863 4 4 ***
AKP_DMSO vs. AKP_LY294002 (8µM, 48h) 100 91.59 8.41 3.863 4 4 ns
AKP_DMSO vs. AKP_T+LY294002 (8µM, 48h) 100 44.24 55.76 3.863 4 4 ***
AKP_Trametinib (5nM, 48h) vs. AKP_Trametinib+LY294002 78.66 44.24 34.42 3.863 4 4 ***
AKP_LY294002 (8µM, 48h) vs. AKP_Trametinib+LY294002 91.59 44.24 47.35 3.863 4 4 ***

Figure4E mean 1 mean 2 mean Diff SE of Diff n1 n2 Summary
AKP_DMSO vs. AKP_Trametinib (5nM, 48h) 100 84.22 15.78 3.83 4 4 **
AKP_DMSO vs. AKP_Vorinostat (3µM, 48h) 100 90.43 9.578 3.83 4 4 ns
AKP_DMSO vs. AKP_Trametinib+Vorinostat 100 66.88 33.12 3.83 4 4 ***
AKP_Trametinib (5nM, 48h) vs. AKP_Trametinib+Vorinostat 84.22 66.88 17.34 3.83 4 4 **
AKP_Vorinostst (3µM, 48h) vs. AKP_Trametinib+Vorinostat 90.43 66.88 23.54 3.83 4 4 ***

Figure4F mean 1 mean 2 mean Diff SE of Diff n1 n2 Summary
AKP_DMSO vs. AKP_Trametinib (5nM, 48h) 100 80.82 19.18 2.191 4 4 ***
AKP_DMSO vs. AKP_Phenacetin (100µM, 48h) 100 96.61 3.393 2.191 4 4 ns
AKP_DMSO vs. AKP_Trametinib+Phenacetin 100 61.84 38.16 2.191 4 4 ***
AKP_Trametinib (5nM, 48h) vs. AKP_Trametinib+Phenacetin 80.82 61.84 18.98 2.191 4 4 ***
AKP_Phenacetin (100µM, 48h) vs. AKP_Trametinib+Phenacetin 96.61 61.84 34.77 2.191 4 4 ***

Supplementary Figure1b median 1 median 2  Diff n1 n2 Summary
WT_DMSO vs. WT_Trametinib 100 114 14 17 20 ns

Supplementary Figure1d median 1 median 2  Diff n1 n2 Summary
RasG12V_Trametinib vs. RAP_Trametinib 1 2.047 1.047 4 4 *

Supplementary Figure1e mean 1 mean 2 mean Diff SE of Diff n1 n2 Summary
WT vs. RasG12V 1 1.169 -0.1691 0.09608 6 6 ns
WT vs. RAP 1 1.649 -0.6489 0.09608 6 6 ***
RasG12V vs. RAP 1.169 1.649 -0.4798 0.09608 6 6 ***

Supplementary Figure2a mean 1 mean 2 mean Diff SE of Diff n1 n2 Summary
WT_DMSO vs. WT_Trametinib+0.1M Sµcrose 104.6 100.8 3.821 12.33 22 12 ns
WT_DMSO vs. WT_Trametinib+0.2M Sµcrose 104.6 101.1 3.517 11.29 22 16 ns
WT_DMSO vs. WT_Trametinib+0.3M Sµcrose 104.6 110.7 -6.107 11.29 22 16 ns
WT_DMSO vs. sgi-RNAi_Trametinib+0.3M Sµcrose 104.6 99.77 4.851 11.29 22 16 ns
WT_DMSO vs. GlcAT-P-RNAi_Trametinib+0.3M Sµcrose 104.6 106.6 -2.028 11.29 22 16 ns

Supplementary Figure2b mean 1 mean 2 mean Diff SE of Diff n1 n2 Summary
WT_DMSO vs. ArmCA_DMSO 104.6 108.1 -3.53 11.2 22 20 ns
WT_Trametinb vs. ArmCA_Trametinib 114.1 120.9 -6.814 13.24 20 12 ns

Supplementary Figure2c mean 1 mean 2 mean Diff SE of Diff n1 n2 Summary
RAP_Trametinib vs. RAP_Trametinib+0.5µM LY294002 38.3 55.71 -17.41 8.403 32 24 ns
RAP_Trametinib vs. RAP_Trametinib+1µM LY294002 38.3 67.82 -29.52 7.908 32 30 ***
RAP_Trametinib vs. RAP_Trametinib+2µM LY294002 38.3 50.56 -12.26 10.53 32 12 ns

Supplementary Figure2d median 1 median 2  Diff n1 n2 Summary
WT_DMSO vs. WT_Trametinib+LY29400 100 95.84 -4.165 17 12 ns

Supplementary Figure3a mean 1 mean 2 mean Diff SE of Diff n1 n2 Summary
WT vs. RasG12V 1 1.021 -0.02124 0.09162 11 11 ns
WT vs. RAP 1 1.098 -0.09776 0.09162 11 11 ns
RasG12V vs. RAP 1.021 1.098 -0.07652 0.09162 11 11 ns

Supplementary Figure4a mean 1 mean 2 mean Diff SE of Diff n1 n2 Summary
AKP_DMSO vs. AKP_Trametinib (20nM, 48h) 100 41.55 58.45 3.842 4 4 ***
AKP_DMSO vs. AKP_µDP-glc (160µM, 48h) 100 88.72 11.28 3.842 4 4 ns
AKP_DMSO vs. AKP_Trametinib +µDP-glc 100 58.57 41.44 3.842 4 4 ***
AKP_Trametinib (20nM, 48h) vs. AKP_Trametinib +µDP-glc 41.55 58.57 -17.02 3.842 4 4 **
AKP_µDP-glc (160µM, 48h) vs. AKP_Trametinib +µDP-glc 88.72 58.57 30.16 3.842 4 4 ***

Supplementary Figure4b mean 1 mean 2 mean Diff SE of Diff n1 n2 Summary



AKP_DMSO vs. AKP_Trametinib (5nM, 48h) 100 74.38 25.62 7.153 4 4 *
AKP_DMSO vs. AKP_Alpelisib (2µM, 48h) 100 90.99 9.015 7.153 4 4 ns
AKP_DMSO vs. AKP_Trametinib (5nM) +Alpelisib (2µM, 48h) 100 41.44 58.56 7.153 4 4 ***
AKP_Trametinib (5nM, 48h) vs. AKP_Trametinib  +Alpelisib 74.38 41.44 32.94 7.153 4 4 **
AKP_Alpelisib (2µM, 48h) vs. AKP_Trametinib +Alpelisib 90.99 41.44 49.54 7.153 4 4 ***



Supplementary Table 3:  

Detailed Genotypes 

 
 

Figure 1: 

+/+ or Y; +/+; byn-Gal4, UAS-GFP, tub-Gal80TS/+ (a, f and g), +/+ or Y; UAS-RasG12V/+; 

byn-Gal4, UAS-GFP, tub-Gal80TS/+ (a, b and h), +/+ or Y; UAS-RasG12V, Apc-RNAi, UAS-

P53-RNAi/+; byn-Gal4, UAS-GFP, tub-Gal80TS/+ (a and b), +/+ or Y; UAS-RasG12V, Apc-

RNAi, UAS-P53-RNAi/UAS-GFP; byn-Gal4, UAS-GFP, tub-Gal80TS/+ (d and e), +/+ or Y; 

UAS-RasG12V, Apc-RNAi, UAS-P53-RNAi/UAS-Hex-C-RNAi; byn-Gal4, UAS-GFP, tub-

Gal80TS/+ (d and e), +/+ or Y; UAS-RasG12V, Apc-RNAi, UAS-P53-RNAi/UAS-UGP-RNAi; 

byn-Gal4, UAS-GFP, tub-Gal80TS/+ (d and e), +/+ or Y; UAS-RasG12V, Apc-RNAi, UAS-P53-

RNAi/UAS-Sgl-RNAi; byn-Gal4, UAS-GFP, tub-Gal80TS/+ (d and e), +/+ or Y; UAS-RasG12V, 

Apc-RNAi, UAS-P53-RNAi/UAS-GlcAT-P-RNAi; byn-Gal4, UAS-GFP, tub-Gal80TS/+ (d and 

e), +/+ or Y; +/UAS-Sgl-RNAi; byn-Gal4, UAS-GFP, tub-Gal80TS/+ (f), +/+ or Y; +/UAS-

GlcAT-P-RNAi; byn-Gal4, UAS-GFP, tub-Gal80TS/+ (f). 

 

Figure 2: 

+/+ or Y; UAS-RasG12V/+; byn-Gal4, UAS-GFP, tub-Gal80TS/+ (a, b and d), +/+ or Y; UAS-

RasG12V/UAS-GFP; byn-Gal4, UAS-GFP, tub-Gal80TS/+ (c, e, j and k), +/+ or Y; UAS-

RasG12V/UAS-Sgl-RNAi; byn-Gal4, UAS-GFP, tub-Gal80TS/+ (c), +/+ or Y; UAS-

RasG12V/UAS-GlcAT-P-RNAi; byn-Gal4, UAS-GFP, tub-Gal80TS/+ (c), +/+ or Y; +/UAS-

GFP; byn-Gal4, UAS-GFP, tub-Gal80TS/+ (c and e), +/+ or Y; UAS-RasG12V, Apc-RNAi, 

UAS-P53-RNAi/+; byn-Gal4, UAS-GFP, tub-Gal80TS/+ (d), +/+ or Y; UAS-RasG12V, Apc-

RNAi, UAS-P53-RNAi/UAS-GFP; byn-Gal4, UAS-GFP, tub-Gal80TS/+ (f, g and i), +/+ or Y; 

UAS-RasG12V, Apc-RNAi, UAS-P53-RNAi/UAS-Akt-RNAi; byn-Gal4, UAS-GFP, tub-

Gal80TS/+ (f and g), +/+ or Y; UAS-RasG12V, Apc-RNAi, UAS-P53-RNAi/UAS-AS160-RNAi; 

byn-Gal4, UAS-GFP, tub-Gal80TS/+ (h and i), UAS-ArmCA/+ or Y; UAS-GFP/+; byn-Gal4, 

UAS-GFP, tub-Gal80TS/+ (e, j and k), UAS-ArmCA/+ or Y; UAS-RasG12V/+; byn-Gal4, UAS-

GFP, tub-Gal80TS/+ (e, j and k). 

 

Figure 3: 

VilCreERT2 Apcfl/fl, KrasG12D/+, Trp53fl/fl (A-F). 

 

Figure 4: 

+/+ or Y; UAS-RasG12V, Apc-RNAi, UAS-P53-RNAi/UAS-GFP; byn-Gal4, UAS-GFP, tub-

Gal80TS/+ (a), +/+ or Y; UAS-RasG12V, Apc-RNAi, UAS-P53-RNAi/UAS-HDAC1-RNAi; byn-

Gal4, UAS-GFP, tub-Gal80TS/+ (a and b), +/+ or Y; UAS-RasG12V, Apc-RNAi, UAS-P53-

RNAi/+; byn-Gal4, UAS-GFP, tub-Gal80TS/+ (c, d, e and g-k), +/+ or Y; +/+; byn-Gal4, 

UAS-GFP, tub-Gal80TS/+ (f and k). 

 

  



Supplementary Figure 1: 

+/+ or Y; UAS-RasG12V/+; byn-Gal4, UAS-GFP, tub-Gal80TS/+ (a, c, d and e), +/+ or Y; 

+/+; byn-Gal4, UAS-GFP, tub-Gal80TS/+ (b and e), +/+ or Y; UAS-RasG12V, Apc-RNAi, 

UAS-P53-RNAi/+; byn-Gal4, UAS-GFP, tub-Gal80TS/+ (c, d and e). 

 

Supplementary Figure 2: 

+/+ or Y; +/+; byn-Gal4, UAS-GFP, tub-Gal80TS/+ (a, b and d), +/+ or Y; UAS-RasG12V, 

Apc-RNAi, UAS-P53-RNAi/+; byn-Gal4, UAS-GFP, tub-Gal80TS/+ (c). 

 

Supplementary Figure 3: 

+/+ or Y; UAS-GFP/+; byn-Gal4, UAS-GFP, tub-Gal80TS/+ (a), +/+ or Y; UAS-RasG12V/+; 

byn-Gal4, UAS-GFP, tub-Gal80TS/+ (a), +/+ or Y; UAS-RasG12V, Apc-RNAi, UAS-P53-

RNAi/+; byn-Gal4, UAS-GFP, tub-Gal80TS/+ (a). 

 

Supplementary Figure 4: 

VilCreERT2 Apcfl/fl, KrasG12D/+, Trp53fl/fl (a-h). 

 

 

 

 

 


