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Abstract 4 

Oxidative phosphorylation (OXPHOS) defects caused by somatic mitochondrial DNA (mtDNA) 5 

mutations increase with age in human colorectal epithelium and are prevalent in colorectal 6 

tumours, but whether they actively contribute to tumorigenesis remains unknown. Here we 7 

demonstrate that mtDNA mutations causing OXPHOS defects are enriched during the human 8 

adenoma/carcinoma sequence, suggesting they may confer a metabolic advantage. To test this 9 

we deleted the tumour suppressor Apc in OXPHOS deficient intestinal stem cells in mice. The 10 

resulting tumours were larger than in control mice due to accelerated cell proliferation and 11 

reduced apoptosis. We show that both normal crypts and tumours undergo metabolic 12 

remodelling in response to OXPHOS deficiency by upregulating the de novo serine synthesis 13 

pathway (SSP).  Moreover, normal human colonic crypts upregulate the SSP in response to 14 

OXPHOS deficiency prior to tumorigenesis.  Our data show that age-associated OXPHOS 15 

deficiency causes metabolic remodelling that can functionally contribute to accelerated 16 

intestinal cancer development. 17 

 18 

Introduction  19 

Fundamental changes in the cellular metabolism of tumour cells were first observed in 1956 by Otto 20 

Warburg who showed that tumour cells preferentially utilise glycolysis for ATP production over 21 

mitochondrial oxidative phosphorylation (OXPHOS) 1,2.  This was termed ‘aerobic glycolysis’ or the 22 

‘Warburg Effect’. Warburg suggested that a key event in carcinogenesis was ‘injury’ to the 23 

respiratory machinery and subsequent analysis of mitochondrial function showed that OXPHOS was 24 

frequently down-regulated in many tumours3. This shift to glycolysis results in less efficient 25 
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production of ATP, but has been shown to confer selective advantages during oncogenesis via other 1 

mitochondrial processes such as; resistance to apoptosis4, diversion of glycolytic intermediates into 2 

pathways required for cellular biomass production via one-carbon metabolism5, and reactive oxygen 3 

species (ROS) production6. 4 

Defects in the OXPHOS system are also a common feature in a number of human ageing tissues7-10. 5 

The colorectal epithelium is particularly susceptible to the accumulation of crypts deficient in 6 

complexes I and IV11-13, with an average of 15% of crypts being OXPHOS deficient at the age of 7013. 7 

The underlying causes of the OXPHOS defects in the ageing colonic epithelium are somatic 8 

mutations of the mitochondrial DNA (mtDNA).  Human mtDNA is a ~16.6kb circular, multicopy 9 

genome found within the mitochondrial matrix that encodes 13 essential subunits of the OXPHOS 10 

system together with 22tRNAs and 2 rRNAs to support synthesis of mtDNA-encoded proteins within 11 

the organelle. As there are multiple copies of mtDNA in individual cells, mutant and wild type 12 

mtDNA can co-exist in a situation termed heteroplasmy, or all copies can be the same, termed 13 

homoplasmy. Most mtDNA mutations are functionally recessive; somatic mtDNA mutations must 14 

clonally expand to high levels of heteroplasmy within an individual cell before a defect in the 15 

OXPHOS system becomes manifest14. The downstream metabolic consequences of such mutations in 16 

the rapidly proliferating colonic epithelial cells are largely unknown, though studies from other 17 

proliferative cell lines taken from patients with primary mtDNA disease have shown evidence of 18 

metabolic rewiring similar to that of cancer cells as a compensatory response to promote cell 19 

survival15.  MtDNA mutations at very high levels of heteroplasmy, or homoplasmy, have also been 20 

detected in a number of tumour types16 including in 60-70% of colorectal cancers17-19. In silico 21 

predictions have suggested that mtDNA mutations likely to be detrimental to OXPHOS function are 22 

particularly enriched in colorectal tumours16.  Age is the biggest risk factor for colorectal cancer 23 

development20 and given the fact that pathogenic mtDNA mutations are a common feature of both 24 

normal ageing colorectal crypts and colorectal tumours, we wanted to address the question of whether 25 

age-related mtDNA mutations are playing a role in colorectal cancer development.   26 

 27 
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Results 1 

We hypothesised that if age-related mtDNA mutations present in non-transformed colonic 2 

epithelium13,21 contributed to colorectal cancer development, a similar spectrum of mtDNA mutations 3 

(and downstream mitochondrial OXPHOS deficiency) would be present and enriched in colorectal 4 

tumours. To investigate this, we assessed mitochondrial OXPHOS subunit protein levels and enzyme 5 

activities in 9 adenomatous polyps and in 26 adenocarcinomas and their patient matched normal 6 

mucosa (Fig. 1a-b). We performed in situ immunohistochemical (IHC) analysis to ensure we only 7 

analysed the epithelial compartment without contamination by muscle, stromal or immune cells or the 8 

non-transformed mucosa.  4/9 (44%) of the adenomas and 18/26 (69%) of the adenocarcinomas had 9 

decreased levels, or absence of, one or more OXPHOS subunits and/or loss of histochemical 10 

cytochrome c oxidase (COX) reactivity (Fig. 1, Supplementary Information Table 1) compared 11 

with an average of 10% of normal crypts (Fig. 1c). Sequencing of the mtDNA of laser-micro 12 

dissected tumour epithelium, and either patient matched normal mucosa or stromal tissue from the 13 

tumour section (to provide the germline mitochondrial genotype of each subject), detected tumour-14 

specific, clonally-expanded mtDNA point mutations in 4/9 adenomas and 22/26 adenocarcinomas (47 15 

mutations in total) (Supplementary Information Table 2, and Fig. 2). Of the 22 OXPHOS-deficient 16 

tumours, 18 had ≥1 mtDNA mutations at high levels of heteroplasmy correlating with the IHC profile 17 

(Supplementary Information Table 2). MtDNA mutations detected in tumours with normal 18 

OXPHOS protein levels were either present at <50% heteroplasmy, or were known polymorphic 19 

variants predicted not to affect OXPHOS14.  This highlights the fact that mtDNA mutations are 20 

functionally recessive and must reach high levels of heteroplasmy before an OXPHOS defect will 21 

become manifest. In the 4 tumours with OXPHOS defects, mtDNA mutations were not detected, 22 

similar to our previous analyses of normal crypts13, suggesting nuclear factors can also contribute to 23 

age-related OXPHOS deficiency. Combining the mtDNA mutations detected in the human 24 

adenocarcinomas here with those published by others 17-19,22 (Supplementary Information Table 3), 25 

we observed a similar mtDNA mutation spectrum in  tumours and normal ageing colonic 26 

crypts11,13,21,23 (Supplementary Information Table 4, Fig. 2), with the only significant difference 27 
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being a higher proportion of complex I subunit mutations in the tumours (Fig. 2d). Given the 1 

similarities between the mutational spectrum and OXPHOS defects in normal crypts and tumours, and 2 

the very high prevalence of OXPHOS defects in the tumours, we hypothesised that pre-existing 3 

OXPHOS defects in normal crypts may provide a selective metabolic advantage during 4 

tumorigenesis. 5 

 6 

To test this hypothesis, we crossed an inducible intestinal tumour mouse model (Lgr5-creER;Apcfl/fl)24 7 

with a model of accelerated mtDNA mutagenesis (PolgAmut/mut)25,26 (Extended Data Fig. 1a). By 6 8 

months of age, the PolgAmut/mut mice have a high frequency of intestinal crypts with OXPHOS 9 

dysfunction caused by clonally expanded mtDNA mutations27. Furthermore, modelling studies 10 

support a similar mechanism of clonal expansion of mtDNA mutations through random genetic drift 11 

with age in intestinal crypts of the PolgAmut/mut mice27 and humans28. Intestinal tumours were induced 12 

in PolgAmut/mut;Lgr5-creER;Apcfl/fl  (from herein denoted PolgAmut/mut;Apcfl/fl) and  Lgr5-creER;Apcfl/fl 13 

(from herein denoted Apcfl/fl) mice by tamoxifen activation of the cre-ER at 6 months of age.  14 

PolgAmut/mut;Apcfl/fl mice had a significantly shorter lifespan than Apcfl/fl mice with median survival 15 

times post-Apc deletion of 23 and 33 days respectively (Fig. 3a). We confirmed that the dose of the 16 

inducing agent tamoxifen was not toxic when given to mice that did not express cre-ER (Extended 17 

Data Fig. 1b).  To compare tumour growth rates, Apc deletion was induced in PolgAmut/mut;Apcfl/fl and  18 

Apcfl/fl mice at 6 months of age, and all mice were killed 23 days later (the median life-span of the  19 

PolgAmut/mut;Apcfl/fl line). Total tumour burden in the small intestine (SI) of PolgAmut/mut;Apcfl/fl mice 20 

was significantly higher than in  Apcfl/fl mice (Fig. 3b,c). β-Catenin IHC showed no significant 21 

difference in the number of microscopic β-Cateninhigh foci in the colon between the two groups 22 

(Extended Data Fig.1c-d). However, foci in PolgAmut/mut;Apcfl/fl mice were almost twice the size of 23 

those in the Apcfl/fl mice (Extended Data Fig. 1e).  These data suggest that mitochondrial dysfunction 24 

in intestinal epithelial cells of PolgAmut/mut;Apcfl/fl mice promotes tumour cell growth after 25 

transformation by Apc deletion.  26 
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 1 

To investigate the underlying cause of the increased tumour size in the PolgAmut/mut;Apcfl/fl mice, we 2 

compared proliferation rates of all cells in the adenomas, and specifically in the LGR5+ stem cells, 3 

from both groups of animals using multiple thymidine analogue labelling (Fig. 3d).  We noted a 4 

significantly higher frequency of cells incorporating CldU and IdU, both individually and together, in 5 

adenomas of the SI (Fig. 3e) and the colon (Extended Data Fig. 1f) of the PolgAmut/mut;Apcfl/fl mice.  6 

Incorporation of both thymidine analogues identifies cells which have divided twice within the 28 7 

hour period providing evidence that the cells are proliferating faster in PolgAmut/mut;Apcfl/fl adenomas. 8 

In the SI, both the frequency of LGR5+ cells per adenoma, and their levels of thymidine analogue 9 

incorporation were significantly higher in the PolgAmut/mut;Apcfl/fl mice compared to the Apcfl/fl mice, 10 

indicative of  a higher proliferative index (Fig. 3f).  Despite an increase in LGR5+ stem cells in 11 

colonic adenomas, no significant differences in LGR5+ stem cell proliferation rates were noted. 12 

(Extended Data Fig. 1g). Using cleaved caspase 3 IHC and (TdT)-mediated dUTP nick end 13 

(TUNEL) labelling, we detected a significantly lower frequency of apoptotic cells in adenomas from 14 

the PolgAmut/mut;Apcfl/fl mice in both the SI (Fig. 3g-h) and colon (Extended Data Fig. 1h-i). These 15 

data suggest that mitochondrial dysfunction leads to increased cell proliferation and decreased 16 

apoptosis resulting in accelerated tumour growth. 17 

 18 

Next we investigated the pattern of OXPHOS deficiency in intestinal adenomas from 19 

PolgAmut/mut;Apcfl/fl and Apcfl/fl mice using quantitative quadruple immunofluorescence (IF)29 (Fig. 4a-20 

e, Extended Data Fig. 2a-e). OXPHOS proteins were normalised to the mitochondrial mass marker 21 

TOMM20 with Apcfl/fl adenomas acting as controls.  In the SI, >85% of PolgAmut/mut;Apcfl/fl adenomas 22 

were classified as NDUFB8 (Complex I)-deficient whereas MTCO1 (Complex IV) and UQCRFS1 23 

(Complex III) labelling only revealed minimal deficiency (Fig. 4e). Similar patterns of OXPHOS 24 

deficiency were detected in colonic adenomas (Extended Data Fig. 2e). To determine whether Apc 25 

deletion affected mitochondrial OXPHOS protein abundance, we compared normal (non-recombined) 26 
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SI and colonic mucosa of the PolgAmut/mut;Apcfl/fl and Apcfl/fl mice with the adenomas (Fig. 4f and 1 

Extended Data Fig.2f-h). In both tissues, mitochondrial density increased significantly following 2 

Apc deletion in both mouse models. There were no significant differences in NDUFB8 or UQCRFS1 3 

between the crypts and adenomas of the PolgAmut/mut;Apcfl/fl mice in both SI and colon, but MTCO1 4 

and ATPB levels were significantly lower in the adenomas . In the Apcfl/fl  mice, OXPHOS proteins 5 

were significantly lower in the adenomas than in the normal mucosa in both colon and SI, supporting 6 

previous studies showing Wnt-mediated down-regulation of mitochondrial OXPHOS as a tumour 7 

promoting mechanism30. Our data suggest that this mechanism is accelerated in the PolgAmut/mut;Apcfl/fl 8 

mice.   9 

 10 

To investigate if somatic mtDNA mutations were responsible for the OXPHOS deficiencies in the 11 

mice, individual adenomas were laser-microdissected from PolgAmut/mut;Apcfl/fl and Apcfl/fl  mice and the 12 

mtDNA sequenced.  PolgAmut/mut;Apcfl/fl adenomas harboured an average of 13-14 variants present at 13 

30-70% heteroplasmy (Supplementary Information Table 5) whereas in Apcfl/fl adenomas, none 14 

were detected at >5%. The mutational spectrum was consistent with the random mutagenesis model 15 

previously described in colonic crypts of the PolgAmut/+ mice27 (Extended Data Fig. 3). Unlike our 16 

human dataset, no homoplasmic mtDNA variants were detected; however, this is not unexpected 17 

given the age of the mice and the predictions of the time required for a mtDNA variant to reach to 18 

homoplasmy27.  These data strongly infer that multiple heteroplasmic clonally expanded mtDNA 19 

mutations are the underlying cause of the OXPHOS defects detected in PolgAmut/mut;Apcfl/fl adenomas.    20 

 21 

Next we used RNASeq to investigate the mechanism by which OXPHOS dysfunction in the normal 22 

ageing intestinal epithelium accelerates tumour development.   Normal epithelial crypts from the 23 

distal end of the SI (where the majority of adenomas occur) were isolated from 6-month old 24 

PolgAmut/mut and PolgA+/+ mice.  Comparison of  differentially expressed genes revealed the most 25 

significantly upregulated genes, Phgdh, Psat1, Psph,  Mthfd2, Slc1a4 and Aldh1l2, were involved in 26 
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pathways relating to serine biosynthesis, uptake and metabolism (Fig.5a, Supplementary 1 

Information Table 6).  These data were confirmed by qRT-PCR (Fig. 5b). RNA extracted from laser 2 

micro-dissected adenoma tissue from the SI of both groups of animals showed upregulation of Phgdh, 3 

Psph, Mthfd2,and Aldh1l2 in the adenomas from the PolgAmut/mut;Apcfl/fl mice (Fig. 5c). These findings 4 

were confirmed at the protein level for PHGDH, PSAT1, and MTHFD2 by IHC in the SI (Fig. 5d-e) 5 

and colon (Extended Data Fig. 4a-b). Supporting the hypothesis that these proteins are upregulated 6 

in response to age-related accumulation of OXPHOS defects in the PolgAmut/mut mice, we observed an 7 

age-related increase in SSP protein levels in the normal SI crypts of PolgAmut/mut mice between 1 and 8 

12 months of age (Extended Data Fig. 5).   9 

 10 

We investigated the functional consequences of changes in gene expression and protein levels in the 11 

PolgAmut/mut;Apcfl/fl adenomas by generating in vitro adenoma organoids from mice from the two 12 

groups (Fig. 5f). We were unable to investigate this in non-transformed normal small intestinal 13 

organoids as it has been shown previously (as is our own experience) that these do not grow from the 14 

PolgAmut/mut mice in vitro31.  Baseline oxygen consumption rate (OCR) was lower in organoids derived 15 

from PolgAmut/mut;Apcfl/fl adenomas compared with Apcfl/fl adenomas, confirming that in vivo OXPHOS 16 

defects were manifest in the in vitro model (Fig 5g). Following growth in 13C6 labelled glucose for 24 17 

hours, we found that labelled serine (M+3) and glycine (M+2) (derived from the labelled glucose 18 

through the SSP) were significantly higher in PolgAmut/mut;Apcfl/fl organoids, indicating increased rates 19 

of de novo serine synthesis (Fig. 5h).  No significant differences were observed in the levels of 20 

labelled glucose per se suggesting equal uptake, nor were there differences in the levels of unlabelled 21 

(M+0) serine or glycine (Extended Data Fig 6a). Growth rates in the absence of serine and glycine (-22 

SG) were significantly impaired in the Apcfl/fl organoids whereas PolgAmut/mut;Apcfl/fl organoids 23 

maintained their growth (Fig. 5i), suggesting complex I deficiency induces the SSP conferring a 24 

significant growth advantage to the adenomas. Next we investigated the effect of the biguanide 25 

metformin, which has been shown to inhibit complex I32,33, on growth of Apcfl/fl organoids. There was 26 

a significant increase in organoid growth when they were dosed with metformin compared to vehicle 27 
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controls (Extended Data Fig 6b), confirming that pharmacological inhibition of complex I can also 1 

enhance adenoma organoid growth34.  2 

 3 

Since the PolgAmut/mut model is a whole body knock-in, we evaluated changes in the intestinal immune 4 

microenvironment at 6 months of age prior to tumour induction to determine any contribution to 5 

accelerated tumour growth.  In-depth fluorescence-activated cell sorting (FACS) analysis of immune 6 

cell types in the distal end of the SI revealed no significant differences between either the proportions 7 

or the absolute numbers of the sorted immune cells between the two groups (Fig. 6a-b, 8 

Supplementary Information Fig. 1).  This was confirmed in a sub-set of immune cells by IHC. (Fig 9 

6c). Furthermore, in contrast to our crypt data, we detected little evidence of OXPHOS deficiency 10 

within the lamina propria of PolgAmut/mut mice; 66% of small intestinal cells showed normal NDUFB8 11 

levels while 95% had normal MTCO1 levels (Fig 6d-f). Gene expression studies revealed significant 12 

upregulation of Psat1, Psph, Mthfd2 and Aldh1l2, but not Phgdh (Fig 6g), providing evidence that 13 

there is mitochondrial dysfunction and metabolic remodelling in the epithelial tissue 14 

microenvironment, but this is less marked than in the epithelial cells. 15 

 16 

Our mouse experiments have provided evidence that mitochondrial OXPHOS dysfunction can induce 17 

metabolic remodelling in the mouse SI and colon. Finally, it was important to see whether these 18 

findings were translatable to humans. We tested this by quantifying levels of PHGDH, PSAT1 and 19 

MTHFD2 in individual OXPHOS normal and OXPHOS deficient crypts from aged human samples 20 

by immunofluorescence.  Levels of all three enzymes were significantly higher in crypts with 21 

OXPHOS defects than those with normal OXPHOS function (Fig. 7a-d), suggesting that normal aged 22 

human crypts expressing OXPHOS deficiency upregulate the de novo SSP as a pro-survival 23 

mechanism.  24 

 25 
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Discussion 1 

Our data show that age-related mitochondrial OXPHOS dysfunction caused by mtDNA mutations in 2 

both humans and mice causes metabolic remodelling in intestinal epithelial cells, with specific 3 

upregulation of the de novo SSP, and the mouse model shows that this provides a metabolically 4 

favourable environment for tumour growth (Fig. 7e). Our human mtDNA sequencing data shows that 5 

mtDNA mutations are not a requirement for tumorigenesis as they were not present in all 6 

adenocarcinomas studied, highlighting diverse mitochondrial genetic heterogeneity between tumours.   7 

In addition, the specific mtDNA mutation and its level of heteroplasmy are important determinants of 8 

whether a mtDNA mutation is actively contributing to a favourable metabolic phenotype for the 9 

tumour or whether it is simply a passenger mutation. Only those mtDNA mutations which are present 10 

both at functionally important sites and at a high enough level of heteroplasmy to cause OXPHOS 11 

defects, result in a favourable metabolic shift which, as we have shown in the mouse, can accelerate 12 

tumour cell growth. We believe that it is the biochemical change rather than the mutational event per 13 

se providing the advantage.  By contrast, mtDNA mutations that are present at low levels of 14 

heteroplasmy, or ones which do not cause a biochemical defect, fall into the ‘passenger mutation’ 15 

category and examples of those were also detected in our study. 16 

 17 

 18 

The pathways we show to be upregulated in OXPHOS deficient crypts in both our human and mouse 19 

data are well recognised as being critical for biomass production during tumour growth34. It is well 20 

accepted that only a small proportion of human adenomas go on to become adenocarcinomas35 and 21 

that the larger the adenoma, the higher the risk of carcinogenesis36. Therefore, the selective advantage 22 

of OXPHOS dysfunction for tumour growth, acting in synergy with nuclear DNA mutations, would 23 

be reflected in their increasing prevalence in clinically detectable large adenomas and 24 

adenocarcinomas, which is in line with our data. Although our mouse data specifically identified the 25 

contribution of pre-existing mtDNA mutations to tumorigenesis, it is also possible that tumour cells 26 
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can acquire new mtDNA mutations that randomly clonally expand to high levels of heteroplasmy in 1 

individual cells during the tumorigenic process.  If these mutations cause an OXPHOS defect, 2 

together with the associated favourable metabolic phenotype, those cells may outcompete others and 3 

become dominant within the tumour.  Additional data to support a pro-tumorigenic role for 4 

pathogenic mtDNA mutations can be found in a recent pan-cancer analysis of mtDNA (PCAWG 5 

Consortium)16. This study showed selective enrichment of truncating mtDNA mutations in the 6 

protein-encoding genes at high levels of heteroplasmy (>60%) specifically in colorectal cancers. This 7 

was not seen in most other cancer types, with the authors suggesting that these mtDNA mutations 8 

could have oncogenic effects by altering signalling pathways16. 9 

 10 

In the normal ageing intestine, this metabolic shift in response to OXPHOS deficiency may represent 11 

a response to mitochondrial stress, particularly if there are increased mitochondrial ROS levels; 12 

diversion of glucose through the SSP to increase glutathione production to help detoxify 13 

mitochondrial ROS is documented in mitochondrial disease models37.  In addition, mitochondrial 14 

ROS play a significant role as signalling molecules in LGR5+ stem cell maintenance and crypt 15 

differentiation highlighting the importance of maintaining the required ROS levels for normal crypt 16 

cell homeostasis38,39. Through its role as a precursor for the synthesis of nucleic acids, proteins and 17 

lipids as well as antioxidants, serine is critical to support metabolic processes for cellular growth and 18 

survival in cancer development40. Therefore, the apparently protective cellular response to OXPHOS 19 

deficiency during ageing may provide a distinct metabolic advantage for tumour growth when those 20 

cells are transformed. The OXPHOS deficiency observed in our mouse model provoked a similar 21 

metabolic response (i.e. resistance to serine starvation due to upregulation of the SSP) to that seen in a 22 

model with activating Kras mutations in the presence of Apc deletion34.  Furthermore, metabolic 23 

rewiring has been shown to occur in gliomas containing oncogenic IDH1 mutations in response to 24 

oxidative stress, suggesting that mechanisms to maintain cellular redox balance are important for 25 

cancer cell survival41. Although we found no significant differences in either the absolute numbers or 26 

proportions of immune cell types in our model, we found evidence of low-level OXPHOS defects and 27 
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a compensatory increase in SSP gene expression in cells of the lamina propria.  Therefore, in addition 1 

to definitive evidence of the cell intrinsic effect of OXPHOS defects on tumour cell growth, it is 2 

possible that the aged microenvironment also plays a role. 3 

 4 

We stress that our observations do not indicate that mtDNA-driven OXPHOS deficiency alone is able 5 

to initiate cancer as PolgAmut/mut mice do not have a higher tumour incidence compared with age-6 

matched wild-type controls25,26.  Rather, we hypothesise that age-related mtDNA mutations act 7 

synergistically with driver mutations, which are present in ~1% of normal crypts in middle-aged 8 

individuals42, providing an advantageous metabolic environment during the pervasive process of 9 

neoplastic change during the colorectal adenoma-carcinoma sequence35. This hypothesis is supported 10 

by evidence of an increasing frequency of mtDNA mutations and OXPHOS defects from normal aged 11 

human crypts to adenoma to carcinoma.   12 

 13 

A logical question arising from our studies is whether there is an increased incidence of colorectal 14 

cancer in patients with inherited pathogenic mtDNA mutations causing mitochondrial disease. 15 

Although there are no published studies addressing this question, in our clinical experience, we see no 16 

evidence to suggest that the patients have an increased incidence of cancer over their lifetime.  17 

However, a number of studies have shown there is rapid loss of inherited pathogenic mtDNA 18 

mutations in human replicating tissues with age43-48. This is supported by similar findings in mouse 19 

models of inherited mtDNA disease 49,50. Specifically looking at data from the gut, this loss of 20 

inherited mtDNA mutations results in the frequency of crypts with OXPHOS defects being similar to 21 

age-matched controls48,51. We currently do not understand the mechanism by which this selective loss 22 

is happening; however, loss of OXPHOS deficient cells from the rapidly proliferating tissues would 23 

mean that any metabolic advantage for cancer cells would also be lost.  This could explain why these 24 

patients do not appear to be at a higher risk of cancer. These observations suggest that inherited and 25 
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age-associated somatic mtDNA mutations are behaving differently, highlighting the value of using the 1 

PolgAmut/mut mouse model in our study to model the ageing human phenotype. 2 

 3 

In conclusion, we propose that age-related mitochondrial OXPHOS defects can contribute to 4 

accelerated intestinal cancer cell growth and survival through up-regulation of serine biosynthetic 5 

pathways. Metabolic pathways are attractive targets for therapeutic intervention and the inherent 6 

reliance on the SSP in intestinal tumours with OXPHOS defects may make them selectively 7 

vulnerable to SSP inhibition and worthy of future investigation. 8 

 9 
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Figure 1: OXPHOS subunit immunohistochemical and histochemical analysis of human 1 

colorectal adenomas and adenocarcinomas. a: Immunohistochemistry was performed on 26 2 

adenocarcinoma samples and patient matched normal mucosa, and 9 colonic adenoma samples.  3 

Representative images showing OXPHOS subunit expression in normal mucosa (CSC024), an 4 

adenoma (AD07), and an adenocarcinoma (CSC024). b: Cytochrome c oxidase and succinate 5 

dehydrogenase histochemistry was performed on the same samples as in panel a. Representative 6 

images of normal colonic mucosa and adenocarcinoma from CRC009 are shown in b. c: 7 

Quantification of the mean percentage of normal crypts per subject with defects in the specified 8 

OXPHOS subunits (each dot represents the mean percentage of OXPHOS deficient crypts in each 9 

subject, n=26 subjects, error bars are s.e.m.), and the percentage of adenomas (n=9) and 10 

adenocarcinomas (n=26) analysed with defects in the specified OXPHOS subunits.  Scale bars a- 11 

20µm, b 50µm. 12 

 13 

Figure 2: Analysis of mitochondrial DNA (mtDNA) mutations detected in 26 colorectal 14 

adenocarcinomas compared with normal aged crypts. a-c: Location, type and consequences of 15 

mtDNA mutations detected in colorectal adenocarcinomas in this study (n=41 mutations). d-g: 16 

Comparison of the location (d), types (e), and functional consequences (f) of mtDNA mutations in 17 

previously published normal crypts (n=129 mutations) and adenocarcinomas11,13,21,23 (n=182 18 

mutations).  There was a significant difference in the location of the mtDNA mutations in 19 

adenocarcinomas compared with normal aged crypts (p=0.0123, Chi-squared analysis (d)), but no 20 

significant differences were detected in the types of mutations (p=0.2264, Chi-squared analysis, (e)) 21 

or the predicted functional consequences (p=0.1504, Chi-squared analysis (f)). (g) Comparison of 22 

MutPred pathogenicity scores for missense mutations in protein encoding genes in normal aging 23 

crypts (n=52 mutations) and adenocarcinomas (n=80 mutations) two-tailed, Mann Whitney U Test, 24 

p=0.8138, median ±95% confidence intervals are shown. * p<0.05  25 

 26 
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Figure 3: PolgAmut/mut;Apcfl/fl mice have reduced lifespan and enhanced tumour growth due to 1 

accelerated cell proliferation and reduced apoptosis compared with Apcfl/fl mice. a: Kaplan-Meier 2 

survival curve showing survival times post Apc deletion (two-sided Mantel-Cox (Log-Rank) test, 3 

p<0.0001, ‘n’ = number of mice) b: β-Catenin immunohistochemistry on small intestinal sections 4 

(scale bars 3mm (first column) and 200µm).  Immunohistochemistry was performed on 5 

PolgAmut/mut;Apcfl/fl (n=17) and Apcfl/fl  (n=12) mice 23 days post-Apc deletion, representative images 6 

are shown.  c: Tumour burden in small intestine of PolgAmut/mut;Apcfl/fl (n=17) and Apcfl/fl  (n=12) mice 7 

23 days post-Apc deletion (unpaired, 2 tailed, t-test, error bars show s.d.,  p=0.0010) d: 8 

Immunoflourescent (IF) images showing LGR5+ cells, and cells which have incorporated CldU and 9 

IdU. Scale bars 50µm. IF was performed on n=5 mice per group and representative images are shown. 10 

e-f: Quantification of the frequency of thymidine analogue incorporation in all cells per adenoma (e), 11 

and LGR5+ cells per adenoma per mouse (f). n=5 mice per group with 20 adenomas analysed per 12 

mouse (two-sided linear mixed effect regression model with mouse ID as a random effect, p<0.001 in 13 

all comparisons).  g-h: Apoptotic cells were identified and quantified using cleaved caspase 3 (CC3) 14 

immunohistochemistry (g) and TUNEL labelling (h) in mice 23 days post-Apc deletion. n=9 mice per 15 

group with a minimum of 10 adenomas analysed per mouse Two-sided linear mixed effect regression 16 

model with mouse ID as a random effect, p<0.001 for CC3 and p=0.008 for TUNEL, mean 17 

percentage or apoptotic cells per adenoma per mouse are shown ± s.e.m.  For all panels: * p<0.05, 18 

**p<0.01, ***p<0.001. 19 

 20 

Figure 4: Small Intestinal adenomas from PolgAmut/mut;Apcfl/fl mice are deficient in mitochondrial 21 

Complex I, but the majority retain expression of subunits of complexes III, IV and V.  a and c: 22 

Immunofluorescence was performed to quantify levels of OXPHOS proteins on n=9 23 

PolgAmut/mut;Apcfl/fl mice and n=10 Apcfl/fl  mice. Representative images are shown. Scale bars 50µm. 24 

The white dashed line shows an adenoma region deficient in complex I and III, and the red dashed 25 

line highlights deficiency in complex I only in panel a: An adenoma region deficient in complex IV is 26 

highlighted by the white dashed line and one with normal complex IV is highlighted by the red dashed 27 
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line in panel c.  b and d: Dot plots showing relative Z-scores calculated following quantification of 1 

mitochondrial OXPHOS protein levels in adenomas from PolgAmut/mut;Apcfl/fl (n=9) and Apcfl/fl  (n=10) 2 

mice using the method in29. n=20 adenomas were quantified per mouse. e: Categorical analysis of 3 

OXPHOS protein levels PolgAmut/mut;Apcfl/fl (n=9 mice) and Apcfl/fl  (n=10 mice) Data points show 4 

individual mice ± s.d. f: Dot plots showing raw densitometry values for mitochondrial protein levels. 5 

For the adenomas: n=9 PolgAmut/mut;Apcfl/fl and n=10 Apcfl/fl  mice with 20 adenomas analysed per 6 

mouse .  For the normal crypts, n=5 mice were analysed per group with a minimum of 13 crypts 7 

quantified per mouse.  One-way ANOVA with Tukey’s post-test. P values for within genotype 8 

comparisons between normal crypts and adenomas were as follows: TOMM20: Apcfl/fl  p<0.0001, 9 

PolgAmut/mut;Apcfl/fl p<0.0001, NDUFB8: Apcfl/fl  p<0.0001, PolgAmut/mut;Apcfl/fl p=0.9995, UQCRFS1: 10 

Apcfl/fl  p<0.0001, PolgAmut/mut;Apcfl/fl p=0.1302, MTCO1:  Apcfl/fl  p<0.0001, PolgAmut/mut;Apcfl/fl 11 

p=0.0001, ATPB: Apcfl/fl  p<0.0001, PolgAmut/mut;Apcfl/fl p<0.0001. For all panels: * p<0.05, **p<0.01, 12 

***p<0.001, error bars show s.e.m 13 

 14 

Figure 5: Mitochondrial OXPHOS dysfunction causes upregulation of de novo serine synthesis 15 

in both non-transformed crypts and adenomas from mice. a: Heat map showing differential gene 16 

expression in non-transformed crypt homogenates from the small intestines of PolgA+/+ and 17 

PolgAmut/mut mice (n=4 mice per group). b: Mean relative expression of the SSP genes by RT-PCR 18 

which were identified to be upregulated by RNASeq analysis in normal crypts.  n=7 mice per group, 19 

one-way Mann-Whitney U test, p=0.0003 for all genes except Slc1a4 where p=0.0035 c: Mean 20 

relative expression of the SSP genes by RT-PCR which were identified to be upregulated by RNASeq 21 

analysis in laser-microdissected adenomas. n=6 mice per group, one-way Mann-Whitney U test, p 22 

values as follows: Phgdh p=0.0325, Psat1 p=0.066, Psph p=0.0130, Aldh1l2 p=0.1548, Mthfd2 23 

p=0.0043, error bars show s.e.m. d-e: Immunohistochemistry images showing in situ levels of SSP 24 

proteins in the non-transformed normal small intestinal mucosa (d), and adenomas (e). 25 

Immunohistochemistry was performed on n=4 mice per genotype and representative images are 26 

shown. Scale bars 50µm. f: Organoids were generated from n=3 PolgAmut/mut;Apcfl/fl and n=3 Apcfl/fl  27 
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mice. Representative images of adenoma organoids are shown. Scale bars 100µm.  g: Oxygen 1 

consumption rates measured by Seahorse analysis in adenoma organoids (n=3 mice per genotype, 8 2 

technical replicates per mouse, mean ±s.e.m per mouse are shown).  h: Quantification of major mass 3 

isotopomers detected in adenoma organoids following growth in the presence of 13C6-glucose for 24 4 

hours.  13C labelling is shown as M+3 (serine) or M+2 (glycine). n=3 mice per group with 3 technical 5 

replicates performed per mouse (one-way unpaired t-test, p=0.0143 for labelled serine and p=0.0151 6 

for labelled glycine, data are mean per mouse ±s.e.m).  i: Quantification of the growth of adenoma 7 

organoids in medium with (+SG) or without (-SG) serine and glycine for 5 days.  Data are normalised 8 

to organoid area on day 0. Mean organoid size per mouse relative to day 0 ± s.e.m is shown, n=3 mice 9 

per group, unpaired, two-tailed t-test, p=0.4140 for Apcfl/fl and p=0.0021 for PolgAmut/mut;Apcfl/fl. For all 10 

panels: * p<0.05, **p<0.01, ***p<0.001.  11 

 12 

Figure 6: Characterisation of the immune microenvironment in the lamina propria of the small 13 

intestine of PolgAmut/mut and PolgA+/+ mice at 6 months of age, prior to tumour induction. a-b: 14 

Immune cell infiltration within the distal third of small intestine was analysed by flow cytometry. a 15 

shows the relative proportions of each cell type, b shows the absolute numbers. No significant 16 

differences were found between the two groups (n=3 mice per group, one-way ANOVA with Tukey’s 17 

post-test).  c: Mean frequency of B cells, T Cells and Neutrophils/mm2 of small intestinal epithelium 18 

as quantified by immunohistochemistry. n=5 mice per group, No significant differences were detected 19 

by one-way ANOVA with Tukey’s post-test.  d-e: Dot plots showing Z-scores calculated following 20 

quantification of mitochondrial OXPHOS protein levels in small groups of lamina propria cells in the 21 

small intestine (d) and colon (e) of PolgAmut/mut and PolgA+/+ mice (n=5 mice per group and a 22 

minimum of 50 areas per mouse were analysed).  f: Categorical analysis of OXPHOS protein levels 23 

(n=5 mice per group).  g: Relative expression of the SSP genes in the lamina propria of the small 24 

intestine by RT-PCR which had been identified to be upregulated by RNASeq analysis in the crypts 25 

(n=6 mice per group, one-way Mann-Whitney U test). P values are as follows: Phgdh p=0.1201, 26 
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Psat1 p=0.043, Psph p=0.011, Aldh1l2 p=0.0022, Mthfd2 p=0.0043, Slc1a4 p=0.500. Mean values per 1 

mouse ± s.e.m are shown. * p<0.05, **p<0.01, ***p<0.001 2 

 3 

Figure 7: Mitochondrial OXPHOS dysfunction causes upregulation of de novo serine synthesis 4 

in normal ageing human colonic crypts. a:  Immunoflourescent images showing co-labelling of 5 

OXPHOS proteins and SSP enzymes in normal human colonic epithelium. Scale bars; 50µm. 6 

Immunofluorescence was performed for each antibody on n=12 human samples. Representative 7 

images are shown. b-d: Quantification of the levels of PHGDH, PSAT1 and MTHFD2 in individual 8 

human crypts. Every OXPHOS deficient crypt on the section was quantified and OXPHOS normal 9 

crypts on the same section were randomly sampled. In b the number of crypts analysed from left to 10 

right is: n=45, 46, 40, 62, 43, 50, 28, 29, 21, 16, 16, 17, 33, 31, 41, 17, 20, 8, 32, 27, 15, 17, 24, 24. In 11 

c the number of crypts analysed from left to right is: n=47, 57, 58, 70, 44, 56, 54, 39, 73, 11, 21, 20, 12 

33, 33, 39, 16, 30, 8, 61, 45, 31, 22, 51, 49. In d the number of crypts analysed from left to right is: 13 

23, 67, 40, 61, 44, 47, 42, 32, 108, 15, 37, 38, 59, 60, 58, 26, 62, 10, 48, 40, 31, 24, 60, 59. Error bars 14 

show mean ±s.d. Data were analysed by two-sided linear mixed effect regression model with mouse 15 

ID as a random effect, p<0.0001 in all comparisons. e: Schematic showing the hypothesised 16 

mechanism by which mtDNA mutations and OXPHOS defects contribute to tumorigenesis. 17 

***p<0.001 18 

 19 

Methods 20 

Patients and Samples. Normal colonic epithelial and colorectal adenocarcinoma tissue was obtained 21 

from 26 patients undergoing surgical resection for a histopathologically-graded adenocarcinoma 22 

diagnosis and from 9 patients undergoing surgery for removal of adenomatous polyps (age range 52-23 

82 years, 20 male, 15 female). Informed written consent was obtained prior to surgery and samples 24 

were coded to maintain confidentiality.  This project was approved by the Joint Ethics Committee of 25 
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Newcastle and North Tyneside Health Authority (2001/188) and the National Research Ethics 1 

Committee London-Stanmore (11/LO/1613). 2 

 3 

Genetically Engineered Mouse Models. Lgr5-EGFP-IRES-creERT2, Apcfl/fl24 and PolgA+/mut25 mice 4 

were cross bred to generate PolgAmut/mut;Lgr5-creER;Apcfl/fl  and Lgr5-creER;Apcfl/fl mice as shown in 5 

Extended Data Fig. 3.  Mice were maintained on a C57BL/6 background, both sexes were used and 6 

researchers were blinded to genotypes. Mice were housed in single sex cages at 20 ± 2°C under a 12 7 

hr light/12 hr dark photoperiod with lights on at 07:00 hr.  All animal work was carried out in line 8 

with the Animals (Scientific Procedures) Act 1986 and the EU Directive 2010 in compliance with the 9 

UK Home Office (PPL P3052AD70) and the Newcastle University Animal Welfare Ethical Review 10 

Board (AWERB 425). Both sexes were used in all experiments (except RNASeq where all mice were 11 

female) and all mice were 6 months old unless stated.  12 

 13 

COX/SDH Histochemistry Human colon samples were mounted for sectioning and frozen in 14 

isopentane pre-cooled to -190oC in liquid nitrogen.  Cryostat sections (12 µm) were cut onto glass 15 

slides and COX/SDH histochemistry performed as previously described 13.   16 

 17 

OXPHOS subunit immunohistochemistry (human samples). 10 µm sections were cut from all 18 

samples described above and air dried for 1 hour at room temperature (RT).  Immunohistochemistry 19 

was performed as previously described11 using the following antibodies; Complex I NDUFB8 1:50, 20 

Complex II SDHA 1:1000, Complex III UQCRFS1 1:1000, Complex IV MTCO1 1:1000, combined 21 

with a polymer detection system (Menarini Diagnostics). Protein levels were qualitatively scored in 22 

tumours compared to patient matched colonic epithelium by two independent scorers.  *** normal 23 

levels, ** intermediate levels, * low levels, - absence of protein. For adenoma samples, patient 24 

matched normal epithelium was not available, therefore we compared with at least 5 samples of 25 
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normal epithelium from the adenocarcinoma cohort. All normal crypts on each tissue section were 1 

analysed (mean; 243 per section, range; 43-769).  2 

 3 

DNA isolation from tumour epithelium and normal tissue. Human colon tumour samples or 4 

murine small intestinal adenomas were mounted for sectioning and frozen in isopentane pre-cooled to 5 

-190°C in liquid nitrogen.  20µm cryostat sections were mounted on PEN (polyethylenenaphthalate) 6 

membrane slides (Leica Microsystems). Sections were subjected to SDH histochemistry, followed by 7 

ethanol dehydration and were then air-dried for 1 hour. Areas of tumour epithelium were cut into 8 

sterile 0.5 ml PCR tubes using a Zeiss PALM micro-dissection system and lysed as previously 9 

described13.  DNA was extracted from whole tissue from subject matched normal colon using an EZ1 10 

DNA extraction system (Qiagen). 11 

 12 

Human mtDNA Sequencing. The entire mtDNA sequence was determined from the adenocarcinoma 13 

tissue and subject matched normal colon.  MtDNA was PCR-amplified and sequenced and an 14 

ABI3130 using ABI3130xl genetic analyser system with ABI 3130 Data Collection Software v4 and 15 

analysed as previously described using Seqscape software v2.613.  Human adenoma tissue was 16 

sequenced as previously described52  17 

 18 

Mouse mtDNA sequencing 19 

MtDNA was PCR amplified in two overlapping 9Kb fragments using primer sets 1628F (5’-20 

AGAAAGCGTTCAAGCTCAAC-3’) and 10737R (5’-CCATGAAGCGTCTAAGGTGTG-21 

3’) and 10059F (5’-ACCATCTTAGTTTTCGCAGC-3’ and 2315R (5’-22 

CACTTTGACTTGTAAGTCTAGG-3’) (numbers correspond to NC_005089.1).  PCR 23 

parameters were; an initial denaturation at 94 °C for 10 min followed by 30 cycles of 24 
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denaturation at 94 °C for 20 s, primer annealing at 68 °C for 20 s, extension for 9 min at 68 1 

°C and a final extension at 72 °C for 5 min. PCR products were purified, sequenced on a 2 

MiSeq (Illumina) using MiSeq control software, and bioinformatic analysis performed as 3 

previously described52 with the exception that the mouse mtDNA reference sequence was 4 

used (NC_005089.1 and MM10). Software used in the bioinformatics analysis was as 5 

follows: BWA v0.7, Samtools v0.1.18, Picard v1.85, VarScan v2.3.8, LoFreq v0.6.1, 6 

ANNOVAR v529, Haplogrep v2. 7 

 8 

 9 

Tamoxifen induction. PolgAmut/mut;Lgr5-creER;Apcfl/fl  and Lgr5-creER;Apcfl/fl mice aged 6 months 10 

were injected intraperitoneally with 4 doses of tamoxifen in sunflower oil at 10 mg/ml over 4 11 

consecutive days (300µl, 200µl, 200µl, 200µl). 12 

 13 

Scoring of macroscopic adenomas. Mice were culled 23 days post-tamoxifen administration, their 14 

intestines removed, flushed with 10% neutral buffered formalin, opened up and pinned out as 15 

intestinal whole mounts. Using a dissecting microscope, intestinal adenomas (minimum 1mmx1mm) 16 

were counted and their areas measured. For fused adenomas the total area was measured. For 17 

comparative analysis between PolgAmut/mut;Apcfl/fl  (n=17) and;Apcfl/fl (n=12) mice, the total sum of the 18 

adenomatous area was calculated. Adenomas were counted blind by two independent scorers. 19 

 20 

Immunohistochemistry. 4µm sections were de-paraffinised and rehydrated as standard. Antigen 21 

retrieval was performed by pressure-cooking in either 1mM EDTA pH8.0 (β-Catenin, CD3, OXPHOS 22 

antibodies) or 10mM sodium citrate, pH6.0 (PSAT1, PHGDH, MTHFD2, Cleaved-caspase 3, 23 

CD45R, NIMP1) for 20 minutes. Standard immunohistochemistry was performed using the following 24 
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antibodies; rabbit anti-β-Catenin (1:1000), anti-MTHFD2 (1:600), anti-PSAT1 (1:600), anti-PHGDH 1 

(1:4000), anti-cleaved caspase 3 (1:35), rat anti-CD45R (1:200), anti-CD3 (1:100), anti-NIMP1 2 

(1:100). Rabbit primary antibodies were visualised using the Envision Anti-rabbit HRP polymer kit 3 

(Dako) as per the manufacturer’s instructions, rat primary antibodies were detected and visualised 4 

using goat anti-IgG:Biotin and a HRP-conjugated ABC kit (Vector). All immunohistochemistry slides 5 

were imaged using the Aperio virtual pathology system (Leica Microsystems, UK) and analysed using 6 

Aperio Imagescope v12.4 7 

 8 

Immunofluorescence. Sections were prepared and antigen retrieval performed as for IHC. Sections 9 

were incubated in primary antibodies at 4oC overnight. Primary antibodies; anti-NDUFB8 (1:50), 10 

anti-UQCRFS1 (1:100) ,anti-MTCO1(1:100), anti-ATPB (1:100), anti-TOMM20 (1:100), anti-IdU 11 

(1:100),  anti-BrdU (1:100), anti-GFP biotin (1:100), anti-MTHFD2 (mouse 1:300, human 1:90), anti-12 

PSAT1 (mouse 1:300, human 1:90), anti-PHGDH (mouse 1:2000, human 1:300). Sections were 13 

washed in TBST and incubated in secondary antibodies for 2 hours at RT. Secondary antibodies (all 14 

diluted 1:200 unless stated); goat anti-mouse IgG1 biotin- goat anti-mouse IgG2b-546, goat anti-15 

rabbit IgG-488, goat anti-mouse IgG2a-546, goat anti-mouse IgG1-647, donkey anti-mouse IgG-488 16 

(1:150),  donkey anti-rat IgG-Cy5, streptavidin -546, donkey anti-rabbit-750. Sections were then 17 

washed. With cocktails including NDUFB8, sections were incubated in tertiary antibody; streptavidin-18 

647 for 2 hours at RT. All sections were stained with Hoechst 33342 (Invitrogen).  19 

 20 

(TdT)-mediated dUTP nick end (TUNEL) labelling  TUNEL labelling was performed using an In 21 

Situ Cell Death Detection kit (Merck, 11684817910) as per the manufacturer’s standard protocol with 22 

the following exceptions; the enzyme solution was diluted 1:40 in TUNEL dilution buffer (Merck, 23 

11966006001) and the convertor-POD was diluted 1:2 in PBS.  24 

 25 
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OXPHOS protein quantification, image analysis and Z-score generation (mouse) Sections were 1 

imaged using a Nikon A1R inverted confocal microscope and were analysed using Image J software 2 

(NIH). Adenomas (n=9 PolgAmut/mut;Lgr5-creER;Apcfl/fl  mice per group, n=10 Lgr5-creER;Apcfl/fl 3 

mice per group minimum of 20 crypts/mouse), normal crypts (n=5 mice/ group, minimum of 10 4 

crypts/ mouse), or small areas of lamina propria containing approximately 5-10 stromal cells (n=5 5 

mice per group, minimum of 50 areas per mouse), were selected as regions of interest (ROI) and 6 

fluorophore mean intensity values recorded for each channel. Values were background corrected by 7 

subtracting the mean intensity of a no primary control (NPC) from the ROI mean. Z-scores were 8 

generated using in house software (available at http://mito.ncl.ac.uk/immuno/) as previously 9 

described29. 10 

 11 

OXPHOS/SSP protein quantification, image analysis and Z-score generation (human). 12 

OXPHOS and OXPHOS/SSP IF was performed as above on four serial sections per subject (n=12).  13 

The first section was labelled with antibodies against NDUFB8, MTCO1 and TOMM 20 and 14 

OXPHOS proteins quantified and crypts categorised as OXPHOS positive or deficient based on their 15 

Z-scores.  The second-fourth sections were labelled with antibodies against NDUFB8, MTCO1 and 16 

one of either PHGDH, PSAT1 or MTHFD2.  The same crypts were identified in all serial sections and 17 

levels of SSP enzymes quantified.  Data were binned into OXPHOS normal or OXPHOS deficient 18 

and SSP enzyme proteins levels compared. Every OXPHOS deficient crypt on the section was 19 

quantified (range n=8 to n=108) and OXPHOS normal crypts on the same section were randomly 20 

selected based on the DAPI channel and quantified.  21 

 22 

Thymidine analogue labelling, immunofluorescence and analysis.  16 days post-Apc deletion mice 23 

(n=5 per group) were injected with 300μl CldU (C6891, Sigma Aldrich) 28 and 20 hours before 24 

death. 4 hours before death, mice were injected with 300 μl IdU (I7125, Sigma Aldrich). IF was 25 

performed as above. Twenty adenomas per mouse were manually identified and imaged using a Zeiss 26 

http://mito.ncl.ac.uk/immuno/
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AxioImager M1 fluorescent microscope. Zeiss ZEN Lite (Blue Edition) was used to quantify cells 1 

labelled with a single antibody and cells in which co-localisation of >1 antibody was observed.  2 

 3 

Scoring of β-cateninhigh foci. Two serial sections were taken for scoring β-cateninhigh foci; the first 4 

was subjected to β-catenin immunohistochemistry and the adjacent section to standard haematoxylin 5 

and eosin (H&E) staining as previously described13.  β-catenin high foci were scored as clusters of 6 

cells that showed both increased nuclear and cytoplasmic β-catenin when compared to surrounding 7 

cells. H&E sections were used to confirm the dysplastic nature of the cells. Areas of β-cateninhigh cell 8 

clusters were measured, with cells being classed as belonging to the same cluster or foci if there were 9 

no normal crypts separating them.   Sections were scored blind by two people independently. 10 

 11 

Scoring of apoptotic cells Apoptotic cells were labelled in colon and small intestine (SI) tissue 12 

sections from n=9 mice per group by two methods; Cleaved caspase 3 IHC and the TUNEL assay. For 13 

the SI n=9 mice were analysed per assay per group. For the colon n=7 PolgAmut/mut;Lgr5-creER;Apcfl/fl  14 

mice and n=9 Lgr5-creER;Apcfl/fl mice were analysed per group using cleaved caspase 3 IHC and n=9 15 

mice per group for the TUNEL assay. A minimum of 10 adenomas were analysed per mouse.  16 

Apoptotic cells were counted and presented as the percentage of total nuclei in the adenoma. 17 

 18 

Quantification of CD3, CD45R and NIMP1 positive cells. SI sections from n=5 PolgAmut/mut and 19 

PolgA+/+ mice underwent immunohistochemistry as above to identify CD3+, CD45R+ and NIMP1+ 20 

cells.. 10 random x20 magnification images were taken per section and the number of positive 21 

cells/field of view counted. The total area of epithelium was measured and the frequency of positive 22 

cells/mm2 calculated. Areas containing Peyers patches were excluded.  23 

 24 
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Small intestinal crypt and stromal RNA extraction. SI crypts were isolated from the stroma from 1 

the distal SI as previously described53. Crypt pellets and stromal pellets were flash frozen in liquid 2 

nitrogen and stored at -80°C. RNA was extracted using the RNeasy Mini Kit with DNase (Qiagen) 3 

using the manufacturer’s protocol. Sample RNA integrity (RIN) scores were analysed on a 2100 4 

Bioanlyser (Agilent) using the RNA 600 Nanokit, and 2100 Expert software vB02.9. 5 

 6 

RNASeq. Crypt RNA from Polgmut/mut (n=4) and PolgA+/+( n=4) mice with RIN score >7.0 (range 7.5-7 

9.2) were used in differential gene expression analysis. Crypt mRNA libraries were prepared using the 8 

TruSeq Stranded mRNA library kit (Illumina). Samples were analysed using the NextSeq 500 system 9 

(Illumina) with 16 million 75 bp single reads per sample. All samples were quality assessed using 10 

FASTQC v 0.11.7, before processing in accordance to the protocol in54-57 using Stringtie v.1.3.4 and  11 

Ballgown v3.8. Alignment and annotation used the Hisat2 mm10 genome build (Hisat2 v.2.1.0) and 12 

the Ensembl GTF v.GRCm38.92 respectively. The resultant gene lists were then submitted to Enrichr 13 

webserver58,59 to obtain ontology information. 14 

 15 

SI adenoma RNA extraction. The distal SI was extracted from 6-month-old PolgAmut/mut;Lgr5-16 

creER;Apcfl/fl  and Lgr5-creER;Apcfl/fl   mice at 23 days post tamoxifen induction. Tissue was flushed 17 

with PBS, opened longitudinally and rolled up, followed by freezing in isopentane cooled to -190oC in 18 

liquid nitrogen. 15 µM SI tissue sections were cut on PEN membrane slides. Sections were fixed in 19 

75% ethanol and stained in 1% cresyl violet acetate (in 50% ethanol). Sections were dehydrated in a 20 

graded ethanol  series and air-dried for 5 minutes. Laser microdissection of adenomas was performed 21 

using the Zeiss PALM micro-dissection system. Adenoma RNA was isolated using the RNeasy Micro 22 

kit with DNase (Qiagen). 23 

 24 
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qRT-PCR. High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems) was used to 1 

reverse transcribe RNA from crypt, stromal and adenoma samples. qRT-PCR was performed in 2 

triplicate using validated Taqman® assays for Phgdh, Psat1, Psph, Mthfd2, Aldh1l2 and Slc1a4 with 3 

Taqman® Universal PCR master mix (Applied Biosystems) on the Applied Biosystems StepOnePlus 4 

Real-Time PCR system. 14 crypt samples (n=7 per group), 12 stromal samples (n=6 per group), and 5 

12 adenoma samples (n=6 per group) were analysed by StepOne™ Software v2.1. The comparative 6 

CT method was used with Actb mRNA as a reference to generate ΔCT values in Microsoft Excel 7 

2016. 8 

 9 

Adenoma Organoid Generation. Lgr5-creER;Apcfl/fl  and PolgAmut/mut;Lgr5-creER;Apcfl/fl  mice were 10 

induced with tamoxifen across 4 days (3, 2, 2, 2 mg) at 6 months and SI adenomas were isolated ~3 11 

weeks after induction. Organoids were generated and maintained as previously described34. 12 

 13 

Growth analysis in SG- medium. Adenoma cultures from;Apcfl/fl (n=3) and PolgAmut/mut;Apcfl/fl   14 

(n=3) mice were collected  in PBS, pelleted, and re-suspended in 50% Matrigel (v/v) in PBS in a 96-15 

well plate. Amino acid free Advanced DMEM/F-12 (Life Technologies) was reconstituted with 16 

appropriate concentrations of amino acids. Cultures were grown in complete (+SG) or serine and 17 

glycine free (-SG) medium for 5 days at 37˚C and 5% CO2, with media refreshed after three days. 18 

Images of 4 points per well were taken every two hours using IncuCyte™ ZOOM (Essen BioScience 19 

Inc.) equipped with their Dual Color Filter Cube #4459 and a Nikon 10X objective, using IncuCyte 20 

ZOOM 2018A  (v20181.1.6628.28170) software. Organoid 2D area on day 0 and day 5 were 21 

measured using ImageJ v1.51.   22 

 23 

Mitochondrial functional assay. The XF Cell Mito Stress Test Kit (Seahorse Bioscience), was 24 

performed using the adenoma organoids. One day prior to the assay 96 well plates were prepared with 25 
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Matrigel as previously described 60.   Intestinal adenoma cultures from Apcfl/fl (n=3) and PolgAmut/mut; 1 

Apcfl/fl (n=3) were collected three days post-seeding, pooled, washed and pelleted. Pellets were re-2 

suspended in Mito XF medium.  The Mito Stress Test was performed as per the manufacturer’s 3 

standard protocol on a Seahorse XF96 Extracellular Flux analyser. Data were collected using Agilent 4 

Seahorse Wave software v2.4.   Following analysis, organoids were fixed in 10% neutral buffered 5 

formalin for 30 min at RT. Formalin was then removed and plates left to air-dry overnight. Organoids 6 

were incubated in cresyl violet at RT for 30 min then washed in dH2O overnight followed by 7 

incubation in 10mM acetic acid on  a shaker at RT for 30 min. Optical intensity was measured at 8 

562nm and read-outs were used to normalise OCR measurements.  9 

 10 

Metabolomic analysis. Organoid cultures were plated in technical triplicate in 24-well plates and 11 

three days post-seeding, medium was changed to include 13C6 labelled glucose (Cambridge Isotope 12 

Laboratories) minus HEPES and nystatin.  Samples were prepared and underwent LC-MS as 13 

previously described34.  Metabolite peak areas were determined using Thermo TraceFinder (v3.2). 14 

Commercial standards of all metabolites detected had been previously analysed on this LC-MS 15 

system with the pHLIC column. 13C labelling patterns were determined by measuring peak areas for 16 

the accurate mass of each isotopologue of many metabolites. Metabolite levels were normalized to 17 

total cell protein. LC-MS protocol adapted from reference 61 18 

 19 

Complex I inhibition of adenoma organoids with metformin 20 

Adenoma organoids from Apcfl/fl  mice (n=3) were washed in PBS, re-suspended in 100 µL 21 

CellTracker™ green CMFDA (1:200 in media) and incubated at 37°C for 10 minutes. After cells 22 

were pelleted, washed and re-suspended in Matrigel, seeded in 96 well plates, and complete media 23 

added. Cells were imaged on the Zeiss LSM 800 confocal microscope at 2.5X magnification to 24 

generate 1mm thick Z-stacks of 25 slices. Organoids were then dosed with 0–500 µM metformin in 25 

DMSO (3 technical replicates/dose/mouse). On the fifth day, organoids were stained with DAPI 26 
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(1:200), washed and imaged as above. Images were stitched using Zen v2.6 and channels were 1 

deconvolved using Huygens software v18.04. Surfaces were created in Imaris v9.0 using the 2 

CellTracker or DAPI labelling. A threshold of >200,000 µm2 was applied and the volumetric size of 3 

organoids on day 5 were normalised to day 1.  4 

 5 

FACS Analysis of Small intestinal lymphocytes Lamina propria lymphocytes were extracted from 6 

6-month old PolgA+/+ and PolgAmut/mut mice (n=3/genotype) as follows: SIs were extracted, cleared of 7 

mesentery, fat and Peyers Patches, cut into pieces and washed in HBSS without calcium and 8 

magnesium. Intraepithelial lymphocytes were removed by agitation for 15min in HBSS with 20mM 9 

HEPES and 2% FCS. The remaining tissue was digested in serum free medium containing Liberase 10 

TL (250µg/ml; Roche) and 0.05% DNase I (Roche) for 15min. Lamina propria lymphocytes were 11 

separated from epithelial cells by centrifugation in 40% Percoll and cell pellets collected. 12 

Lymphocytes were washed once with PBS and then stained with LIVE/Dead stain (Invitrogen 34961) 13 

for 30 min at 40oC. Cells were then washed once with PBS and stained with the following surface 14 

CD4, CD8, CD45R/B220, NK1.1, CD11b, CD11c, F4/80, Class II (anti-mouse I-A/I-E). Cells were 15 

analysed using LSRII (FACS DIVA v8 software) and by FlowJo v10 software.  16 

 17 

Statistics and Reproducibility. Statistical comparisons for survival data were performed using 18 

GraphPad Prism (v8.3.1) software using Mantel-Cox (Log-Rank) test. Unpaired t-tests and Mann-19 

Whitney tests were performed using GraphPad Prism (v8.3.1). Where no predication was made about 20 

the direction of a potential difference, two-tailed tests were used (e.g. Fig. 3c). Where pre-existing 21 

data supported a prediction in the direction of a difference between samples, a one-tailed t-test was 22 

used (e.g. Fig. 5b-c). Where multiple comparisons were made, one-way ANOVA was calculated 23 

using GraphPad Prism (v8.3.1), followed by Tukey post-test (e.g. Fig 4f). Linear mixed-effect models 24 

were employed to compare the tumour sizes, cell proliferation apoptotic and immune cell (IHC) 25 

frequencies for each group (e.g. Fig 3e-h). This allowed variation between individual mice and 26 
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sample location to be accounted for as random effects within the model structure. Tumour data was 1 

logged to approximate a normal distribution. For analysis of organoids following Metformin dosing 2 

estimation graphics for observed organoid sizes were displayed on Gardner Altman plots 62. This 3 

allows the distribution of the mean difference to be observed though bootstrapping 63, generating a 4 

robust sampling-error curve with a 95% confidence interval. Analysis was conducted using the R 5 

programming language (code available on request)64 (R Studio v3.4.0). In all figures where data 6 

shown are the mean per mouse/human of multiple measurements, data shown are mean ±s.e.m, where 7 

they are a single data point per mouse/human data shown are mean ±s.d. All P values are: * p<0.05, 8 

**p<0.01, ***p<0.001. 9 

Sample sizes were chosen based on previous studies and our experience using these models which had 10 

shown robust statistical power. No statistical methods were used to predetermine sample size.  All 11 

experiments were successfully replicated.  For mouse studies a minimum of 4 mice were used, and 12 

organoid cultures were generated from 3 different animals and a minimum of 3 independent cultures 13 

per mouse used in each experiment.  All mouse and organoid work was replicated in at least 2 14 

independent experiments.  For IHC or IF experiments, preliminary staining was performed on n=3-5 15 

samples then optimised staining performed on the entire cohort (minimum n=3 biological replicates 16 

(e.g. 3 mice or human samples) per experiment) at the same time. Image analysis was performed at 17 

the same time for each experiment. Mouse experiments were not randomized, animals were allocated 18 

to experimental groups based on their genotype. Investigators were blinded to the genotypes of the 19 

animals during the experiments and data analysis. 20 

 21 

Further information on research design is available in the Nature Research Reporting Summary linked 22 

to this article  23 

 24 

Data Availability Statement 25 
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RNASeq and DNA next generation sequencing data has been deposited in the Sequence Read Archive 1 

under Bioproject accession code PRJNA645504. Source data is provided for Figures 1c, 2d-g, 3a,c,e-2 

h, 4c-f, 5b,c, g-i, 6a-g, 7b-d and for Extended Data Figures 1b, d-i, 2c-h, 3a-d,and 6. All other data 3 

supporting the findings of this study are available from the corresponding author on reasonable 4 

request 5 

 6 

Code Availability 7 

Code used to generate mitochondrial OXPHOS Z-scores and dot pots is freely available at 8 

http://mito.ncl.ac.uk/immuno/. R-programming code used in linear regression mixed effect modelling 9 

is available upon request. 10 
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Extended Data Figure Legends 1 

Extended Data Fig. 1: Generation of PolgAmut/mut;Lgr5-creER;Apcfl/fl  and Lgr5-creER;Apcfl/fl  2 

mice and analysis of colonic adenomas.  a: Breeding scheme.  MtDNA mutations can be transmitted 3 

down the maternal germline65 therefore it was essential that only Lgr5-creER;Apcfl/fl  (red) mice from a 4 

wild-type PolgA mother used as controls. b: Kaplan-Meier survival curve showing survival time 5 

following tamoxifen administration in PolgAmut/mut mice. Survival to clinical endpoint or experimental 6 

endpoint of 60 days is shown, ‘n’ = number of mice.  c: β-Catenin immunohistochemistry  was 7 

performed on colon sections from n=17 PolgAmut/mut;Apcfl/fl mice and n=13 Apcfl/fl   mice. 8 

Representative images are shown (scale bars 3mm (first column) and 200µm). d: Frequency of 9 

adenomas in the colon 23 days post-Apc deletion (unpaired, two tailed, t-test, p=0.7444), n=17 10 

PolgAmut/mut;Apcfl/fl mice and n=13 Apcfl/fl   mice, data are mean ±s.d.  e: Mean adenoma size in the 11 

colon in n=17 PolgAmut/mut;Apcfl/fl mice and n=13 Apcfl/fl   mice 23 days post-Apc deletion.  All 12 

adenomas on a section were quantified ranging from 5 to 280, mean per mouse ± s.e.m are shown. 13 

Two-sided linear mixed effect regression model with mouse ID as a random effect, p<0.0001. f-g: 14 

Quantification of the frequency of thymidine analogue incorporation in all cells per colonic adenoma 15 

(f) and LGR5+ cells per colon adenoma per mouse (g). n=5 mice per group with 18 adenomas 16 

analysed per mouse. Mean frequency per adenoma per mouse ± s.e.m is shown. Two-sided linear 17 

mixed effect regression model with mouse ID as a random effect, p<0.001.  h-i: Apoptotic cells were 18 

quantified using (h) cleaved caspase 3 (CC3) immunohistochemistry n=7 PolgAmut/mut;Apcfl/fl mice and 19 

n=9 Apcfl/fl   mice and (i) TUNEL labelling (n=9 mice per group) in mice 23 days post-Apc deletion. A 20 

minimum of 10 adenomas were analysed per mouse, mean percentage of apoptotic cells per adenoma 21 

per mouse ±s.e.m is shown. Two-sided linear mixed effect regression model with mouse ID as a 22 

random effect, CC3 p=0.0092, TUNEL p= 0.002. * p<0.05, **p<0.01, ***p<0.001. 23 

 24 

Extended Data Fig. 2: Colonic adenomas from PolgAmut/mut;Apcfl/fl mice are deficient in 25 

mitochondrial complex I, but the majority retain expression of subunits of complexes III, IV 26 

and V. a and b: Immunofluorescence was performed to quantify levels of OXPHOS proteins in n=9 27 

PolgAmut/mut;Apcfl/fl mice and n=9 Apcfl/fl  mice.  Representative images are shown. Scale bars 50µm. An 28 

adenoma deficient in complex I is highlighted by the white dashed line in a.  The white dashed line 29 

highlights an adenoma deficient in complex IV, and red dashed line shows one with normal complex 30 

IV in b.  c and d: dot plots showing Z-scores calculated following quantification of mitochondrial 31 

OXPHOS protein levels in adenomas from n=9 PolgAmut/mut;Apcfl/fl and n=9 Apcfl/fl  mice with 20 32 

adenomas quantified per mouse. e: Categorical analysis of OXPHOS protein levels in 33 

PolgAmut/mut;Apcfl/fl (n=9) and Apcfl/fl  (n=9) mice, error bars show mean ±s.d. f-g: dot plots showing Z-34 

scores calculated following quantification of mitochondrial OXPHOS protein levels in normal crypts 35 
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and adenomas in the small intestine (f) and the colon (g). f: For the adenomas: n=9 PolgAmut/mut;Apcfl/fl 1 

and n=10 Apcfl/fl  mice were analysed with 20 adenomas quantified per mouse.  For the normal crypts, 2 

n=5 mice were analysed with a minimum of 13 crypts quantified per mouse. g: For the colonic 3 

adenomas: n=9 mice per group were analysed with a minimum of  20 adenomas quantified per mouse.  4 

For the normal crypts, n=6 Apcfl/fl  mice and n=7 PolgAmut/mut;Apcfl/fl mice were analysed with a 5 

minimum of 22 crypts quantified per mouse. h Dot plots showing raw densitometry values for 6 

mitochondrial protein levels in the colon (n numbers same as in g, error bars are s.d.). One-way 7 

ANOVA with Tukey’s post-test. P values for within genotype comparisons between normal crypts 8 

and adenomas were as follows: TOMM20: Apcfl/fl  p<0.0001, PolgAmut/mut;Apcfl/fl p<0.0001, NDUFB8: 9 

Apcfl/fl  p<0.0001, PolgAmut/mut;Apcfl/fl p=0.9761, UQCRFS1: Apcfl/fl  p<0.0001, PolgAmut/mut;Apcfl/fl 10 

p=0.2901, MTCO1:  Apcfl/fl  p<0.0001, PolgAmut/mut;Apcfl/fl p=0.0007, ATPB: Apcfl/fl  p<0.0001, 11 

PolgAmut/mut;Apcfl/fl p<0.0001. For all panels: * p<0.05, **p<0.01, ***p<0.001 12 

 13 

Extended Data Fig. 3: Analysis of mitochondrial DNA (mtDNA) mutations detected in 14 

individual small intestinal adenomas from PolgAmut/mut;Apcfl/fl and Apcfl/fl  mice. a: The frequency 15 

of heteroplasmic variants >3% detected in adenomas from PolgAmut/mut;Apcfl/fl (n=3 mice per group 16 

and n=10 adenomas per mouse) and Apcfl/fl  mice (n=3 mice per group, n=5 adenomas per mouse), 17 

mean ±s.d. are shown. b-d: Analysis of mtDNA variants present at >30% heteroplasmy in individual 18 

adenomas from PolgAmut/mut;Apcfl/fl mice (n=413 mtDNA mutations in total). For location (b), 19 

expected values were calculated based on the proportion of the mitochondrial genome taken up by 20 

each gene category and observed and expected values compared using Chi-squared analysis. No 21 

significant deviation from the expected frequencies was detected (p=0.4744). 22 

 23 

Extended Data Fig. 4: Mitochondrial OXPHOS dysfunction causes upregulation of de novo 24 

serine synthesis in vivo in the mouse colon. Immunohistochemistry images showing in situ levels of 25 

SSP proteins in the non-transformed normal colonic mucosa (a) and adenomas (b) of PolgA+/+ and 26 

PolgAmut/mut mice. Immunohistochemistry was performed on n=4 mice per group. Representative 27 

images are shown. Scale bars 50µm. 28 

 29 

Extended Data Fig. 5: Immunofluorescent images showing the levels of PHGDH, PSAT1 and 30 

MTHFD2 in PolgA+/+ and PolgAmut/mut mice from 1-12 months of age. Immunofluorescence was 31 

performed on n=3 mice per group at each time point. Representative images are shown. Scale bars 32 

50µm. 33 
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 1 

Extended Data Fig. 6: Quantification of major mass isotopomers following growth of adenoma 2 

organoids in 13C6-glucose and adenoma organoid growth in to the presence of metformin. a: 3 

Quantification of major mass isotopomers following growth in the presence of 13C6-glucose for 24 4 

hours. 13C labelling is shown as M+6 (glucose) and M+0 denotes no labelling. No significant 5 

differences were found between organoids from Apcfl/fl  mice compared with PolgAmut/mut;Apcfl/fl mice 6 

by one-tailed unpaired t-test. n=3 mice per group with 3 technical replicates performed per mouse. 7 

Error bars show s.e.m. b: A shared group estimation plot comparing the effect of metformin on the 8 

volume of individual adenoma organoids generated from Apcfl/fl mice (n=3) on days 1 and 5 post 9 

seeding. Volume data are normalised to day 1. On day 1 the numbers of organoids measured were: 10 

0µM: n=739, 100µM: n=796, 250µM: n=711, 500µM: n=652. On day 5 the numbers of organoids 11 

measured were: 0µM: n=1060, 100µM: n=1515, 250µM: n=1088, 500µM: n=1431. Bootstrap 12 

estimation of group mean differences (circle) and 95% confidence intervals (vertical bars) are plotted 13 

as a sampling distribution. 14 
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