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Abstract 51 

Mismatch repair (MMR) is a critical defence against mutation, but we lack quantification of its 52 
activity on different DNA lesions during human life. We performed whole-genome sequencing 53 

of normal and neoplastic tissues from individuals with constitutional MMR deficiency to 54 
establish the roles of MMR components, tissue type and disease state in somatic mutation 55 

rates. Mutational signatures varied extensively across genotypes, some coupled to leading-56 

strand replication, some to lagging-strand replication and some independent of replication, 57 
implying that the various MMR components engage different forms of DNA damage. Loss of 58 

MSH2 or MSH6 (MutSa), but not MLH1 or PMS2 (MutLa), caused 5-methylcytosine-59 

dependent hypermutation, indicating that MutSa is the pivotal complex for repairing 60 

spontaneous deamination of methylated cytosines in humans. Neoplastic change altered the 61 

distribution of mutational signatures, particularly accelerating replication-coupled indel 62 
signatures. Each component of MMR repairs 1-10 lesions/day per normal human cell, and 63 

many thousands of additional events during neoplastic transformation. 64 
 65 

Highlights 66 

• MMR repairs 1-10 lesions/day in every normal cell and thousands more in tumor cells 67 

• MMR patterns and rates are shaped by genotype, tissue type and malignant 68 
transformation 69 

• MSH2 and MSH6 are pivotal for repairing spontaneous deamination of methylated 70 

cytosine 71 

• Replication indels and substitutions vary by leading versus lagging strand and genotype  72 
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Introduction 73 

Protecting the integrity of our genome is vital to the normal functioning of somatic cells and 74 

reducing their risk of transforming to cancer. The genome is under constant assault from 75 

endogenous mutagens, such as oxygen free radicals and aldehydes; from errors of DNA 76 
replication, such as those acquired in cell division or DNA repair; and from exogenous 77 

mutagens, such as ultraviolet light and chemicals in tobacco smoke. With such diverse threats 78 
to our genome, a similarly diverse set of DNA repair mechanisms have evolved, each targeting 79 

particular types of DNA damage. 80 

 81 

The mismatch repair (MMR) pathway is a major defence against errors introduced during DNA 82 

replication by leading- and lagging-strand polymerases (Pol-e and Pol-d respectively). The 83 

MMR complex MutSa, comprising a heterodimer of MSH2 and MSH6, performs surveillance 84 

by sliding along histone-free DNA, engaging mismatched bases, damaged DNA or 85 

insertion/deletion loops (Kunkel and Erie, 2015). It then pairs with the MutLa complex, a 86 

heterodimer of MLH1 and PMS2, which recruits a cascade of DNA repair factors that ultimately 87 
excise a section of the lesion-containing nascent strand (Hombauer et al., 2011; Kadyrov et 88 

al., 2006). MutSa and MutLa are the major heterodimers participating in MMR, but others also 89 

contribute in eukaryotes. Perhaps most well studied is the MutSb heterodimer of MSH2 and 90 

MSH3, which particularly targets large insertion/deletion loops and single-base-pair deletions 91 

(Johnson et al., 1996; Romanova and Crouse, 2013). It remains unclear what the relative 92 
activities of these different components are in normal human cells and during transformation. 93 

 94 

There are also potential roles of mismatch repair in protecting genomes outside of DNA 95 

replication (Crouse, 2016; Meier et al., 2018). While there is a clear differential between 96 

template and nascent strands that guides MMR during replication, this differential is not so 97 
obvious in interphase. For a given mismatch, if MMR cannot distinguish which strand has the 98 

correct sequence, there is a risk that the repair will use the incorrect sequence as the template, 99 

fixing the mismatch as a mutation on both strands. This possibility is actually harnessed 100 
physiologically during somatic hypermutation of the immunoglobulin loci in B cells (Zubani et 101 

al., 2017), but may also introduce somatic mutations predisposing to cancer or trinucleotide 102 

repeat expansions (Peña-Diaz et al., 2012). 103 

 104 

The detailed biochemistry of MMR pathways has been pieced together from in vitro 105 

experimental studies and animal models (Johnson et al., 1996; Lujan et al., 2014; Meier et al., 106 

2018; Romanova and Crouse, 2013; Serero et al., 2014; St Charles et al., 2015). What role 107 
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MMR plays in humans in vivo has largely been inferred from extracting mutational signatures 108 

from cancers with deficiency of one component (Alexandrov et al., 2020; Campbell et al., 2017; 109 
Chung et al., 2020; Meier et al., 2018). This has identified several signatures associated with 110 

MMR deficiency, and has also demonstrated the role of MMR in protecting strategically 111 
important regions of the genome (Frigola et al., 2017; Supek and Lehner, 2015). However, 112 

these studies have focused on somatic mutations in established cancers, meaning it can be 113 

difficult to disentangle consequences of increased cell division rates, the emergence of 114 
additional mutational signatures during transformation and other endogenous mutational 115 

processes active before MMR deficiency was acquired (Alexandrov et al., 2020; Haradhvala 116 

et al., 2018; Meier et al., 2018). 117 

 118 

Common to both experimental studies of MMR and analyses of human cancer is the utility of 119 

studying mutational signatures in knock-outs of individual pathway components. MMR 120 
deficiency in human cancers is mostly either sporadic (both alleles somatically mutated or 121 

silenced) or inherited as an autosomal dominant condition (Lynch syndrome), where one allele 122 
is inactivated in the germline and the other allele lost somatically in the tumor. Rarely, 123 
however, individuals are born with both alleles of an MMR gene inactivated in the germline, 124 
known as constitutional mismatch repair deficiency (CMMRD). These individuals have a 125 

substantially increased risk of early-onset cancers, especially cancers of the brain, 126 
gastrointestinal system and blood (Shlien et al., 2015; Tabori et al., 2017). Here, we harnessed 127 
recently developed protocols to identify mutations in normal somatic cells (Brunner et al., 128 

2019; Ellis et al., 2020; Lee-Six et al., 2019) to evaluate individuals with CMMRD. Studying 129 
lifelong mutation accumulation in normal cells, in neoplastic lesions, in different organ systems 130 
and in different genotypes provides direct quantification of the importance of MMR in day-to-131 

day life and the types of DNA lesion repaired by individual pathway components in humans. 132 

 133 

Results 134 

MMR Pathways Repair 1-10 Lesions/Day in Every Intestinal Epithelial Cell 135 

Ten CMMRD donors, aged between 3 and 32 years, were studied, comprising 2 with MSH2, 136 

4 with MSH6, 2 with MLH1 and 2 with PMS2 biallelic germline deficiency (Table S1). Colonic 137 
(n=7), small bowel (n=6) and brain (n=3) samples were collected during endoscopy, surgical 138 

resection or autopsy. Matched normal and neoplastic intestinal epithelium samples 139 

(adenomas or adenocarcinomas) were available for 4 individuals. 140 

 141 
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Intestinal crypts contain 5-15 stem cells at their base, with single stem cells frequently 142 

sweeping to fixation through genetic drift (Lopez-Garcia et al., 2010). As a result, all epithelial 143 
cells in individual crypts derive from a single, recent common ancestor, meaning that somatic 144 

mutation burdens, rates and signature composition can be accurately estimated by 145 
sequencing single crypts (Lee-Six et al., 2019). We therefore isolated 80 normal intestinal 146 

crypts, 30 neoplastic intestinal crypts and 25 samples from other tissues by laser capture 147 

microdissection, followed by whole genome sequencing (WGS) at a median of 30-fold 148 
coverage to investigate somatically acquired mutations. We called single base substitutions 149 

(SBS), small insertions and deletions (indels), structural variants (SV), telomere length and 150 

copy number variations (CNV) using well-established bioinformatic algorithms (Campbell et 151 
al., 2008; Jones et al., 2016; Raine et al., 2015) (Table S2). These data were compared to 152 

previously published analyses of somatic mutations in normal intestinal epithelium from 153 

mismatch repair-proficient individuals (Lee-Six et al., 2019) (Figure S1). 154 

 155 

The burdens of single base substitutions were considerably increased in the normal intestinal 156 
epithelium of CMMRD donors, across all genotypes, compared to healthy individuals (Figure 157 
1a). Even with the young age of our cohort, individual normal intestinal epithelial cells 158 
frequently had tens of thousands of mutations. The SBS mutation rate varied extensively 159 

between individuals, ranging between 250 and 1450 SBS/year (Figure 1b), which is 5 to 30-160 
fold higher than the 49 SBS/year rate observed for normal colonic epithelium. However, within 161 
an individual, SBS mutation burdens exhibited limited variation, suggesting that genotype and 162 

environmental modifiers are stronger influences on mutation rates than cell-to-cell variation. 163 

 164 

Small indel mutation burdens were similarly increased in the normal intestinal epithelium of all 165 

CMMRD donors, with an even greater magnitude of increase than for base substitutions. 166 

Rates ranged between 60 and 1200 indels/cell/year (Figure 1b), compared to 1 indel/cell/year 167 
for normal intestinal epithelium without MMR deficiency. As seen for base substitutions, 168 

between-individual variation was more pronounced in non-transformed epithelial cells than 169 

within-individual variation, again attributable to genotype. Comparing the number of base 170 
substitutions to indels, we found that MSH2, MLH1 and PMS2-deficient cases all exhibited a 171 

ratio of approximately 1:1 – namely, one indel is acquired for every base substitution acquired 172 

in these normal cells (compared to 1 indel for every 49 substitutions in MMR-proficient normal 173 
epithelium; Figure 1c). For MSH6 deficiency, the relative mutation rate was similarly fixed 174 

between the two types of lesions, but with a ratio of 1 indel for every 4 substitutions. The lower 175 

rate of indels relative to substitutions for MSH6 deficiency indicates that the MutSb 176 
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heterodimer (MSH2 and MSH3) repairs ~3x as many indels as MutSa (MSH2 and MSH6) in 177 

normal human intestinal cells. 178 

 179 

Comparing the ratio of deletions to insertions, we found that MSH2 and MSH6-deficient 180 

intestinal epithelium has a predilection for deletions, especially in polyA/T tracts, while in 181 
MLH1-deficient cases this ratio is at near-equilibrium and for PMS2-deficient cases insertions 182 

at polyA/T tracts are the predominant form of indel (Figure S2a-b). Upon neoplastic change 183 

the burden of deletions considerably outnumbers the insertion burden irrespective of MMRD 184 
genotype indicating that increased microsatellite instability (MSI) is predominantly defined by 185 

deletions, often at poly-A/T tracts (Figure S2c). 186 

 187 

Comparing synchronous normal and neoplastic intestinal epithelium from the same individual 188 

showed that SBS burdens were 2 to 4-fold higher in neoplastic than normal intestinal 189 

epithelium, while indel burdens increased 4 to 10-fold (Figure 1a). As expected, telomere 190 
lengths of the intestinal crypts of neoplastic biopsies were significantly reduced compared to 191 
their normal counterpart (median normal and neoplastic telomere content, Mann-Whitney U 192 

test; PD40101, 478 vs. 287, P=0.0025; PD40103, 288 vs 181, P=0.0008; PD47719, 727 vs 193 
514, P=0.008; PD47721, 432 vs 153, P=0.016) – this suggests that the increased cell division 194 
associated with malignant change drives both telomere shortening and increases in 195 
replication-associated somatic mutation. 196 

 197 

Overall, then, in normal intestinal epithelial cells from patients lacking MMR, the combined 198 
rates of base substitutions and indels ranged from 500 to 3000 mutations per year per clone 199 
– this suggests that the mismatch repair pathway typically repairs an average of 1-10 events 200 

per day in every normal epithelial cell throughout the intestine. 201 

 202 

MMR Repairs Replication-dependent and Independent DNA Damage 203 

The mismatch repair pathway has variable efficiency for correcting different types of 204 

mismatch, being particularly tuned to events not already targeted by the proof-reading 205 

capacity of Pol-d and Pol-e polymerases (Lujan et al., 2014). Thus, we might expect MMR 206 

deficiency to be associated with distinct mutational signatures, with mutation rates varying by 207 

specific base changes, indels, local sequence context and replication strand. To assess this, 208 
we extracted mutational signatures jointly for all microdissected samples, including both 209 

healthy and neoplastic, using the TensorSignatures algorithm (Vöhringer et al., 2020). 210 
TensorSignatures extracts mutational signatures from a broad set of local and global 211 
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sequence information enabling the coupling of signatures of substitutions with indels as well 212 

as replication and transcriptional strand biases. 213 

 214 

In total, 6 mutational signatures were extracted from the sequencing data of all microdissected 215 

samples, which we designate as signatures MMR-1 to MMR-6 (Figure 2, Table S3). Although 216 

these signatures partially match signatures previously extracted from cancer genomes and 217 
experimental models with MMR deficiency (Alexandrov et al., 2020; Meier et al., 2018; Serero 218 

et al., 2014; St Charles et al., 2015), the use of normal and transformed clones from cases 219 
with congenital deficiency enables clearer delineation of patterns, and isolation of individual 220 

components of previously inseparable signatures. 221 

 222 

Signature MMR-1 is characterised by C>T substitutions at CG dinucleotides, likely due to 223 
deamination of 5-methylcytosine (5mC). It closely matches signature SBS1, extracted from 224 

cancer genomes (Alexandrov et al., 2020), which has previously been linked with MMR 225 
deficiency (Meier et al., 2018; Supek and Lehner, 2015). MMR-1 has minimal contribution from 226 

indels and lacks transcription and replication strand biases. It was broadly present across all 227 

samples but was especially prominent in patients with defects in MutSa, namely MSH2 or 228 

MSH6 deficiency (Figure 2d, Table S4). Deamination of 5mC to thymine occurs as a 229 
spontaneous chemical reaction in DNA (Shen et al., 1994) throughout the cell cycle. Such 230 
events occurring in interphase require repair before DNA replication, otherwise the new 231 

thymine becomes fixed as a C>T mutation in the genome. The predominance of this signature 232 

in patients with MutSa deficiency suggests that a major role of the MSH2/MSH6 complex is to 233 

identify G:dT mismatches for repair in interphase, independent of its activities during 234 
replication. The paucity of this signature in the normal and neoplastic tissues from MLH1 and 235 
PMS2-deficient patients implies that the repair occurs through pathways independent of 236 

MutLa, likely through nucleotide or base excision repair. 237 

 238 

Signature MMR-2 is defined by both base substitutions and indels, predominantly A/T 239 

insertions at polyA/T tracts, with the base substitutions being specifically biased towards 240 
leading-strand replication (using the pyrimidine of each base-pair as the reference base). 241 

Signature MMR-3 is its counterpart, with substitutions being more frequent on the lagging 242 

strand of replication, comprising largely C>T and T>C transitions. In contrast to MMR-1, 243 

signatures MMR-2 and MMR-3 were most enriched in those patients with defects in MutLa 244 

(MLH1 or PMS2). The distribution of base substitutions in MMR-3 closely matches signature 245 
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SBS26 extracted from cancer genomes, whereas MMR-2 has only partial similarity to SBS15 246 

(Alexandrov et al., 2020). 247 

 248 

Signature MMR-4 strongly resembles a combination of SBS17a and SBS17b as seen in 249 

cancer genomes of the GI tract, with high rates of T>C in a CTT context. This signature has 250 

been associated with 5-fluorouracil treatment and misincorporation of 8-hydroxy-dGTP 251 
opposite adenines (Christensen et al., 2019; Pich et al., 2019; Supek and Lehner, 2017). 252 

Signature MMR-5 has partial similarity to SBS20 distinguished by C>A and C>T base 253 
substitutions and deletions. Interestingly in this signature, C>T events are biased towards 254 

leading-strand replication and C>A events towards lagging-strand replication. Finally, 255 

signature MMR-6 is nearly completely defined by A/T-base deletions at polyA/T tracts. It is 256 
more pronounced in MSH2 deficiency than MSH6 deficiency, suggesting it may capture the 257 

repair activities of the MutSb heterodimer (MSH2 and MSH3). 258 

 259 

The observed replication strand biases of MMR-2, MMR-3 and MMR-5 could in principle be 260 
of opposite strandedness when the complementary purine bases are considered as the 261 

reference, such as G>A on the leading strand instead of C>T on the lagging strand. Further 262 
insight can be derived from cases with combined MMRD and proofreading-defective 263 

replication polymerases from The Cancer Genome Atlas (TCGA). Given that Pol-d and Pol-e 264 

are the primary polymerases for lagging and leading-strand replication respectively, any 265 
overlap in mutational signatures observed in these cancers and those extracted from the 266 

CMMRD microdissections would provide evidence of their replicative origin. Cancers with 267 

proofreading-defective POLD1 combined with MMRD have distinctive mutation profiles with a 268 
predilection for C>A mutations at CCN as well as C>T and T>C transition mutations (Figure 269 
2b). These mutational patterns resemble a combination of signatures MMR-3 and the C>A 270 

component of MMR-5 with lagging-strand bias. Cancers with proofreading-defective POLE 271 
combined with MMRD have mutation profiles with strong predilection for C>T mutations 272 

predominantly at GCG trinucleotides, but also GCN (Figure 2c). MMR-2 and the C>T 273 

component of MMR-5 with leading-strand bias recapitulate these mutational patterns. Taken 274 
together, then, these data suggest that signature MMR-2 is indeed tied to leading-strand 275 

replication; MMR-3 to lagging-strand replication; and MMR-5 has mixed contributions from 276 
leading and lagging-strand replication. 277 

 278 

Mutational Processes Vary with Genotype and Cellular Transformation 279 
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We reconstructed phylogenetic trees showing clonal relationships among normal and 280 

neoplastic intestinal epithelium crypts (n=110). In the normal epithelium of MutSa-deficient 281 

CMMRD cases (3 MSH6; 1 MSH2), the predominant mutational process was that of 282 

methylated cytosine deamination, causing C>T mutations at CG dinucleotides (signature 283 
MMR-1; Figure 2a and 3). For example, for case PD40101, the median contribution of this 284 

signature exceeded 80%, resulting in an average 16,000 methylation-deamination mutations 285 

per cell over 32 years of life. A corollary to the predominance of the deamination signature, 286 
MMR-1, in these normal epithelial cells is that the replication-dependent MMR signatures 287 

contributed considerably fewer mutations. In contrast, in synchronously collected intestinal 288 

polyps and colorectal cancers from these same patients, the replication-based signatures, 289 
MMR-2, MMR-3 and MMR-5, became much more evident, accounting for the overwhelming 290 

majority of excess mutations seen with cellular transformation. Thus, repair of methylated 291 

cytosine deamination is numerically the most important activity of MutSa in normal intestinal 292 

epithelium, whereas repair of replication-mediated errors becomes a much more significant 293 
activity with neoplastic transformation. 294 

 295 

Loss of MutLa showed a different distribution of mutational signatures in normal intestinal 296 

crypts compared to MutSa-deficiency (Figure 4). MMR-2, marked by A/T-base insertions and 297 

leading-strand C>T mutations, was common to all MutLα-deficient intestinal crypts 298 

sequenced. MMR-3, with C>T and T>C transitions biased towards the lagging-strand, was 299 
similarly present in all intestinal crypts, but was more pronounced in PMS2-deficient than 300 
MLH1-deficient cases. This suggests that even among cases with deficiencies of components 301 

from the same MMR complex there are differences in the relative activity of mutational 302 
processes. Neoplastic change also impacted the composition of operative mutational 303 

processes, as seen in PD47719 (Figure 4a). Here, MSI was considerably increased in the 304 

transformed clone, as evidenced by the massive, sustained contribution of MMR-6 to the 305 
excess mutations seen on this branch of the phylogeny, including the most recent branches. 306 

The consequence of this was that, while insertions predominated over deletions in the normal 307 

epithelium of MutLa-deficient patients including PD47719, deletions considerably 308 

outnumbered insertions in this transformed clone. 309 

 310 

Investigation of potential driver mutations revealed known oncogenic mutations in FBXW7, 311 
ERBB2, ERBB3, PIK3CA, TP53, PPP2R1A, ACVR1B, ACVR2A, ATR, AXIN2 and BAP1 in 312 

normal intestinal epithelium (Figure 4, Figure S3a, Table S5). Crypts from polyps and tumors 313 

showed the expected complement of APC mutations (Figure S3a). For all MutSa-deficient 314 
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neoplastic tissues, APC mutations were C>T mutations at CG dinucleotides, indicating that 315 

MMR-1 can induce driver mutations. Analysis of the driver mutation landscape across all 316 
intestinal crypts indicates that MMR-1 is the primary force of driver mutation acquisition, further 317 

complemented by microsatellite instability (Figure S3b). While MMR-proficient intestinal 318 
epithelial cells rarely acquire driver mutations, constitutionally MMR-deficient cells acquire 319 

more mutations, at younger ages, especially in cases of MutSa-deficiency (Figure S3c). This 320 

confirms that MMR-1 represents a major force of early driver acquisition in MutSa-deficient 321 

cells. 322 

 323 

Activity of Mutational Processes in Other Normal Tissues 324 

In addition to intestinal epithelium, we microdissected and sequenced 25 samples from 5 325 

CMMRD donors across a wide array of tissues types, including brain cortex, lymphocyte 326 
aggregates, intraepithelial nerves and arterial walls. All MMRD genotypes, with the exception 327 

of MLH1, were represented. Sufficient numbers of SBS and indels were detected for 328 
mutational signature extraction (Figure 5a, Table S6). While mutation burdens varied 329 
considerably across the samples based on tissue type and level of clonality, we found that 330 

MutSa-deficient donors were characterised by high levels of MMR-1, the 5mC deamination 331 

signature, across different tissues; furthermore, this signature was again largely absent from 332 

MutLa-deficient samples (Figure 5b). This was especially evident in the brain cortex and 333 

striatopallidal fibers of the MSH6-deficient case PD40100 and to a lesser degree in the brain 334 
blood vessel of the MSH2-deficient case PD40098 (Figure 5c). The only exceptions were 335 

large intra-epithelial lymphoid populations in PD40103 (Figure 5c), which were enriched for 336 
the replication-associated mutational signature MMR-3. The clonality of these samples 337 

suggests that single B cells seeded the colonic intra-epithelial and expanded in situ to form 338 

the observed secondary lymphoid structures, which may explain why replication-mediated 339 
signatures predominated. Similar to the colonic epithelium, the tissue samples from MutLα-340 

deficient cases revealed strong contributions of signatures MMR-2 and MMR-3. 341 

 342 

Taken together, these data indicate that while MMRD genotype imposes a strong influence 343 
on the composition of mutational signatures across tissues, there are also detectable 344 

differences based on tissue type that could be the consequence of stem cell dynamics or 345 

environmental factors. This suggests that tissue-specific DNA damage influences the effects 346 
of MMRD on the observed mutational landscape. 347 

 348 

Distribution of Mutations Across the Genome 349 
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The MMR pathway is known to preferentially correct mutations in early replicating regions and 350 

even more efficiently in exons, meaning that its deficiency equalizes mutation rates across the 351 
genome (Frigola et al., 2017; Supek and Lehner, 2015). In our data, we found that this 352 

equalization of mutation rates by replication timing was more pronounced in cases of MutSa-353 

deficiency (loss of either MSH2 or MSH6) than MutLa-deficiency (loss of either MLH1 or 354 

PMS2; Figure S4a-b). This difference was especially apparent in exonic regions, where 355 

MutSa-deficient cases acquired a median 50 exonic substitutions per year compared to a 356 

median 19 exonic substitutions per year for cases of MutLa deficiency. Thus, our data 357 

demonstrate that the targeting of mismatch repair to early replicating and exonic regions is 358 

largely dependent on MutSa rather than MutLa. 359 

 360 

Across the genome, we observed that broad domains of late-replicating DNA had high relative 361 

mutation rates in cases PD40102, PD47719 and PD47722, all MutLa-deficient patients; a 362 

more pronounced variation than seen for MutSa-deficient patients (Figure 6a-b). In contrast, 363 

cases of MutSα-deficiency exhibit increased relative mutation rates at regions of high CpG 364 
density, presumably reflecting the greater opportunity for 5mC deamination in such regions 365 

(Figure 6b, Figure S4c). Indeed, using colonic whole genome methylation data, we found a 366 
strong linear relationship between the density of methylated CpG dinucleotides and the 367 

numbers of C>T mutations in a CG context (Figure 6c). Correcting the relative mutation rates 368 
of CG>TG for overall CpG density only partially removed differences across genomic 369 
elements; however, correcting for methylated CpG density completely eliminated these 370 
differences (Figure 6d). 371 

 372 

Regions with high CpG density tend to be early replicating and more gene-dense, suggesting 373 

that some of the apparent equalization of mutation density in MutSa-deficient cases could be 374 

caused by balanced effects of replication-dependent signatures MMR-2 and MMR-3 in late-375 

replicating regions versus MMR-1 in early-replicating regions. We therefore studied the 376 

distribution of individual MMR signatures across the genome. In MutSa-deficient intestinal 377 

epithelium, MMR-1 contributes to >80% of somatic mutations in early-replicating regions 378 

(Figure S5, Table S7) and >90% in coding sequence (CDS) (Figure S6, Table S8), whereas 379 
replication-dependent mutational processes are more evident in later-replicating regions or 380 

outside the coding genome. Mutations arising from MMR-1 in the most functional genomic 381 

regions is much more a feature of MutSa-deficiency than MutLa-deficiency (for earliest-382 

replicating genome: effect size 4.25; CI95%=1.94-6.51; P=0.01; for CDS: effect size 2.98; 383 
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CI95%=1.52-4.41; P=0.01; generalized linear mixed models comparing MutSa-deficient and 384 

MutLa-deficient samples). 385 

 386 

In summary, then, mutations arising from deamination of methylated cytosine (MMR-1) 387 
concentrate in the most functional coding and early replicating regions of the genome, 388 

whereas mutations arising from replication errors (MMR-2, MMR-3, MMR-5) predominantly 389 

distribute to late-replicating regions of the genome. In the absence of MutSa, these 390 

distributions balance almost exactly, leading to broadly equal mutation rates across the 391 

genome, whereas in MutLa-deficiency, the replication-associated signatures are predominant 392 

such that mutation rates are higher in late-replicating regions. 393 

 394 

Verification of Genotype-specific Mutational Signatures in Sporadic Cancers 395 

Our investigation into subjects born without mismatch repair reveals that the mutational 396 
consequences are shaped by MMRD genotype, tissue type and neoplastic transformation. To 397 
assess whether these observations generalize, we analysed sequencing data from sporadic 398 

MMRD tumors, collated from TCGA, CMMRD cancers and cancers sequenced in-house. The 399 
germline and somatic landscape were screened for substitutions, indels, SVs and CNVs that 400 
perturb any of the 4 genes encoding the core MMR pathway. Cases with disruptive MMR 401 
mutations (nonsense, frameshift, splice site, copy number loss or structural variation) present 402 

as homozygous, compound heterozygous variants or affecting two MMR genes were 403 
identified. For missense substitutions, only clinically relevant variants recorded in ClinVar, 404 
InSiGHT or the literature were classified as pathogenic. Cases with documented MMRD or 405 

those with high mutation burdens and at least one MMRD-associated mutational signature 406 
were selected for further characterization. 407 

 408 

With this approach, we identified 117 cases with an established MMRD genotype, spanning 409 

endometrial cancer, colorectal adenocarcinoma and gastric cancer most frequently, but also 410 
occasional cases of prostrate adenocarcinoma, breast cancer, brain cancers, sarcomas and 411 

other cancers (Figure 7a, Table S9). Sporadic MMRD cancers were most often defined by 412 

the loss of a single MMR component, although disruptive mutations affecting two MMR genes 413 
were also seen, with MSH2 and MSH6 being the most common co-mutated pair (Figure 7b). 414 

We used Dirichlet regression on the mutational signature composition to infer associations 415 

between mutational signature exposure and MMRD genotype. PMS2-deficient cases were 416 
used as reference. Replicating the observation made in congenital cases, activity of signature 417 

MMR-1, reflecting methylated cytosine deamination, was significantly greater in tumors with 418 
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loss of MSH2 (P=1.66x10-5) or MSH6 (P=1.64x10-5; Figure 7c) (Table S10). Exposure to 419 

MMR-5, found in MutSa and MLH1-deficient CMMRD tissues especially upon neoplastic 420 

change, was similarly detected in sporadic MMRD cancers with these genotypes (MLH1: 421 

P=1.3x10-3; MSH2: P=1.34x10-4; MSH6: P=0.02; Figure 7c, Table S10). Comparing MutSa-422 

deficient to MutLa-deficient cancers revealed that the association between MutSa loss and 423 

increased MMR-1 activity could be replicated across different cancer subtypes (all, 424 
endometrial, colorectal and rare MMRD cancers; Figure S7a, Table S10). The association 425 

between MutSa loss and MMR-5 activity was confirmed in endometrial and colorectal MMRD 426 

cancers (Figure S7b, Table S10). 427 

 428 

As previously reported (Touat et al., 2020), defects in MSH2 and MSH6 were strongly 429 

associated with glioblastoma multiforme in our dataset. As a result, the mutational spectrum 430 
of these tumors was dominated by C>T mutations at CG dinucleotides (Figure 7d). For 431 

colorectal and endometrial cancers, cases included both MutSa-deficient and MutLa-deficient 432 

genotypes, and the mutation spectrum differed accordingly. Overall, then, the differences 433 
across genotype and tissue type in CMMRD individuals generalize to sporadic MMR 434 
deficiency. 435 

 436 

Discussion 437 

The mismatch repair pathway has long been recognised as a major bulwark in the defence of 438 

our genome – our data now quantify the magnitude of its activity in the day-to-day life of 439 
humans. We see rates of 500-3000 base substitutions and indels per year per cell in patients 440 
with deficiency of a single component of the pathway, compared to ~50/year in normal 441 

individuals (Lee-Six et al., 2019). Furthermore, we observe considerable differences in 442 

mutational signatures between individuals inheriting deficiency of MutSa and those without 443 

MutLa. Together, these observations suggest that each component of the MMR pathway 444 

normally repairs 1-10 potentially mutagenic events every day in every intestinal cell, on 445 

average, and the two major components target different forms of DNA damage or replication 446 
error. This is in normal cells – once a clone begins to exhibit neoplastic growth, MMR becomes 447 

an even more critical defence, likely repairing tens of thousands of additional events over short 448 

periods of time. 449 

 450 

Mismatch repair is classically described as a replication-linked process – errors introduced by 451 

replication polymerases, both substitutions and indels, are recognised by MutSa, triggering 452 

recruitment of MutLa, excision of the mismatch from the nascent strand and repair by 453 
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replication from the template strand (Kunkel and Erie, 2015). In our data, the MMR-2 and 454 

MMR-3 signatures likely capture this canonical replication-linked repair – the two signatures 455 

are found in both MutSa and MutLa deficiency, show clear biases by leading or lagging strand 456 

of replication respectively, and vary in intensity across the genome by replication timing. The 457 
two signatures reflect the different patterns of replication errors made by leading- and lagging-458 

strand polymerases, with small insertions dominating the leading-strand signature (MMR-2) 459 

and T>C transitions dominating the lagging-strand signature (MMR-3). Beyond MutSa, it is 460 

known that MutSb, comprising MSH2 and MSH3, also signals to MutLa to repair errors 461 

introduced during replication, especially deletions (Romanova and Crouse, 2013). We find that 462 

the MutSb pathway is numerically more important as the MutSa pathway for preventing indels 463 

in normal human cells, evidenced by the observation that the rate of indels in deficiency of 464 

MSH6, not a component of MutSb, is a quarter of the rate seen with deficiency of MSH2, 465 

present in both MutSa and MutSb, or with deficiencies of PMS2 and MLH1, components of 466 

MutLa (Figure 1c). The MMR-6 signature in part captures this MutSb repair process, as it has 467 

considerably lower contribution to MSH6-deficient cases than MSH2 deficiency, and is 468 
dominated by deletions. 469 

 470 

An unexpected finding is that MutSa is the major repair pathway in human cells against 471 

spontaneous deamination of methylated cytosine to thymine, a repair activity that cannot be 472 
linked to replication. Our evidence for this is that signature MMR-1 is numerically the dominant 473 

process in MutSa deficiency, a signature comprising almost purely C>T substitutions at CpG 474 

dinucleotides, with no replication strand or transcription bias, correlating linearly with the 475 
fraction of methylated cytosines across the genome. Deamination of methylated cytosine is a 476 
spontaneous hydrolytic reaction in double-stranded DNA (Shen et al., 1994). As a 477 

spontaneous reaction, it will occur in all phases of the cell cycle, including interphase. Because 478 

the deamination generates a thymine, if the G:dT mismatch is not repaired before replication, 479 
the event will become fixed as a somatic mutation – hence, this repair activity must occur 480 

before replication. Interestingly, we find no increase in the rates of this mutational signature in 481 

MutSa-deficient cells after neoplastic transformation, consistent with it being independent of 482 

replication. Furthermore, the tumor types with sporadic MMR deficiency showing the highest 483 

rates of MMR-1 are those with low intrinsic cell division rates, tissues such as meninges, 484 

pleura and glial cells (Figure 7). 485 

 486 

In MutSa-deficient intestinal crypts, 350-1150 C>T substitutions at CpG dinucleotides accrued 487 

every year. Spontaneous deamination of methylated cytosine is estimated to occur at rates of 488 
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5.8x10-13/5mC/second at 37°C (Shen et al., 1994) – with methylated cytosines comprising 489 

~1% of the human genome (Ehrlich et al., 1982), this rate equates to ~1000 deamination 490 

events per diploid genome per year. The striking correspondence of the expected number of 491 

spontaneous deamination events with our observed mutation rates argues that MutSa is the 492 

critical component of our defence against this mutational process. The paucity of MMR-1 in 493 

patients with MLH1 or PMS2 deficiency implies that MutLa is not the partner for repair of these 494 

deamination events. Instead, a strong candidate is MBD4, a thymine DNA glycosylase that 495 

binds G:T mismatches in a methylated cytosine context (Hendrich et al., 1999). Germline 496 

deficiency of MBD4 causes tumors with remarkably elevated C>T mutation rates at CpG 497 
dinucleotides, with mutation rates and mutation spectrum very similar to that of MMR-1 here 498 

(Derrien et al., 2020; Pan-cancer Analysis of Whole Genomes Consortium, 2020; Sanders et 499 
al., 2018). 500 

 501 

These data demonstrate that studying somatic mutations in normal tissues from natural 502 

human knock-outs can enrich observations from experimental model systems and cancers. 503 
By comparing mutation rates to normal tissues in healthy controls, we have quantified the day-504 
to-day activity of MMR in normal human cells across tissue types; by comparing mutational 505 

signatures and rates across genotypes, we have separated the relative contributions of 506 
individual components of the MMR pathway to different types of DNA lesions; by comparing 507 
normal and transformed cells from the same patients, we have shown the increased 508 
dependence on MMR’s protective activity caused by rapid cellular proliferation. 509 

 510 
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FIGURES 675 

 676 

 677 
Figure 1. Mutation Burden and Acquisition rates in Normal and Neoplastic CMMRD 678 
Intestinal Crypts. 679 

(a) Each column represents an individual sample. From top to bottom: tissue type indicator, 680 

VAF distribution heatmap, SNV burden coloured by disease state, indel burden separated on 681 
insertions and deletions, telomere content, SV burden, CNV burden, percentage of coding 682 

SNVs coloured by disease state, percentage of coding indels separated on insertions and 683 

deletions. Dashed horizontal lines indicate median telomere content for matched normal and 684 
neoplastic intestinal tissue samples. 685 

(b) Annual SNV and indel rate for normal intestinal epithelium samples of each CMMRD donor 686 

(samples from neoplastic tissues not shown). Boxplots mark median, inter-quartile range 687 
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(IQR) and whiskers extend to 1.5 IQR from last quartile. Donor ID, age and MMRD genotype 688 

are displayed below. 689 
(c) Relationship between annual SNV and indel rates. Individual samples are colour-coded 690 

based on donor origin. Solid line regresses the relationship for MSH6-deficient samples only. 691 
Dashed line regresses the relationship for all other MMRD genotypes. 692 

*, y-axis is limited to 50,000 indels to accommodate visualisation of the indel burden for all 693 

samples. 694 
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 696 
Figure 2. Mutational Signature Analysis Reveals DNA Damage Repair Specificity with 697 

Respect to MMRD Genotype and Disease State. 698 
(a) The 6 mutational signatures extracted by TensorSignatures from all CMMRD intestinal 699 

crypts and other tissues samples. Mutational catalogues for intestinal crypts were extracted 700 
from variant phylogenies (Figures 2-3) to prevent duplication of variants presents in multiple 701 

related samples. For each signature, the left top panel shows probability for the 96 possible 702 
single base substitutions classified by trinucleotide contexts grouped into the 6 possible 703 

pyrimidine-based mutations. The right top panel shows mutation type probability for MNVs, 704 

insertions and deletions. Total contribution of all possible SNVs and other mutations sums to 705 
1. The bottom panel shows transcriptional (red line) and replication (blue line) strand biases 706 

for each possible SBS type and context. Positive values indicate coding and leading strand 707 
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biases, respectively. Negative values indicate template and lagging strand biases, 708 

respectively. 709 
(b) Typical SBS mutational profile for cancers from TCGA marked by both proofreading 710 

defective POLD1 and concomitant loss of MMR. 711 
(c) Typical SBS mutational profile for cancers from TCGA marked by both proofreading 712 

defective POLE and concomitant loss of MMR. 713 

(d) Each column indicates an individual sample. From top to bottom: tissue type indicator, 714 
mutational signature attribution for SBSs, proportional mutational signature attribution for 715 

SBSs, mutational signature attribution for indels, proportional mutational signature attribution 716 

for indels. 717 
*: y-axis is limited to 30,000 to accommodate the visualisation of mutational signature 718 

attribution for all samples. 719 
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 721 
Figure 3. Phylogenetic Mutational Signature Attribution reveals Differential DNA 722 

Damage Repair Deficiency in Healthy and Neoplastic MutSa-deficient Intestinal Crypts. 723 

(a-d) Intestinal crypt phylogenies were inferred from all mutations (SNVs and indels). Branch 724 

length is proportional to the number of mutations detected. Branching indicates a historical 725 
crypt fission event. Stacked bar plots represent the mutational signature composition 726 
contributing to individual branches and colour-coded according to activity. Branches defined 727 

by <100 mutations were omitted from signature extraction. Stacked bar plot constituents: solid 728 
pattern – SNVs, stripped pattern – indels. Right panel: telomere content for individual crypts 729 

coloured by disease state. Dashed line indicates the median telomere content for neoplastic 730 

intestinal crypts. Coloured rectangular areas highlight branches formed by intestinal crypts 731 

microdissected from neoplastic tissues. Detected driver mutations are listed next to or along 732 

branches to indicate their presence among related intestinal crypts. (a) PD40101 (MSH6-733 
deficient), phylogeny comprising normal (n = 12) and matched neoplastic intestinal crypts (n 734 

= 5). (b) PD40103 (MSH6-deficient), phylogeny comprising normal (n = 11) and matched 735 
neoplastic intestinal crypts (n = 10). (c) PD47721 (MSH6-deficient), phylogeny comprising 736 

normal (n = 5) and matched neoplastic intestinal crypts (n = 4, n = 3). Coloured area indicates 737 

the branches common to the 2 individual microdissected matched polyps. (d) PD47720 738 
(MSH2-deficient), phylogeny comprising only normal intestinal crypts (n = 9). 739 
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 741 
Figure 4. Phylogenetic Mutational Signature Attribution reveals Differential DNA 742 

Damage Repair Deficiency in Healthy and Neoplastic MutLa-deficient Intestinal Crypts. 743 

(a-d) Intestinal crypt phylogenies were inferred from all mutations. Branch length is 744 

proportional to the number of mutations detected. Branching indicates a historical crypt fission 745 
event. Stacked bar plots represent the mutational signature composition contributing to 746 
individual branches and colour-coded according to exposure. Branches defined by <100 747 

mutations were omitted from signature extraction. Stacked bar plot constituents: solid pattern 748 
– SNVs, stripped pattern – indels. Right panel: telomere content for individual crypts coloured 749 

by disease state. Dashed line indicates the median telomere content for neoplastic intestinal 750 

crypts. Coloured rectangular areas highlight branches formed by intestinal crypts 751 

microdissected from neoplastic tissues. Detected driver mutations are listed next to or along 752 

branches to indicate their presence among related intestinal crypts. (a) PD47719 (MLH1-753 
deficient), phylogeny of normal (n = 20) and neoplastic (n = 7) intestinal crypts. Coloured area 754 

indicates branches common matched microdissected colon cancer. Inset illustrates branches 755 
established in the final stages of colon cancer development. (b) PD40102 (MLH1-deficient), 756 

phylogeny of only normal (n = 10) intestinal crypts. (c) PD40099 (PMS2-deficient), phylogeny 757 

of only normal (n = 5) intestinal crypts. (d) PD47722 (PMS-deficient), phylogeny of only normal 758 
(n = 5) intestinal crypts. 759 
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 761 
Figure 5. Mutational Signature Analysis of Other CMMRD Tissues Confirms DNA 762 
Damage Repair Specificity Among MMR Components. 763 
(a) Each column indicates an individual sample. From top to bottom: tissue type indicator, VAF 764 

distribution heatmap, SNV burden, indel burden distinguished by insertions and deletions, 765 
telomere content, SV burden, CNV burden, percentage of coding SNVs, percentage of coding 766 
indels distinguished by insertions and deletions. 767 

(b) Total and relative mutational signature contribution for microdissected non-intestinal 768 
samples as identified by the indicated colour-coding. Legend is shared with panel (a). 769 

(c) Left: typical mutational spectra for different MutLa-deficient tissues. Right: typical 770 

mutational spectra for different MutSa-deficient tissues. 771 
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 773 
Figure 6. Determinants and Genomic Distribution of DNA Damage Typically Repaired 774 
by MMR. 775 
(a) Distribution of determinants and mutations on chromosome 13 across non-overlapping 1 776 
Mb bins. From top to bottom. (I) Average replication timing profile. High values indicates early 777 

replication and vice versa. (II) CpG-dinucleotide frequency. (III) Coding genome frequency. 778 

(IV) Average relative SNV rate of healthy intestinal crypts across the non-overlapping bins. 779 

Line type indicates individual donors whereas line colour indicates which MMR complex is 780 
deficient. Highlighted areas indicate broad domains of late genome replication. Case PD40099 781 

was excluded on the basis of low genome-wide mutation counts. 782 
(b) Distribution of determinants and mutations on chromosome 16 across non-overlapping 1 783 

Mb bins. Information included and colour coding is the same as panel (a). Highlighted areas 784 

indicate areas of high CpG and coding genome density. 785 
(c) Linear relationship between methylation levels and methylation damage. CpG-786 

dinucleotides are grouped on observed methylation levels (methylation level bins) detected in 787 

a normal sigmoid colon. Mutation burden was determined across all bins and corrected for 788 
total CpG counts in millions and age. Solid line is the results of ordinary linear regression. 789 

Data for all microdissected healthy intestinal crypts and deficiency of individual MMR 790 
complexes is displayed in the top row and lower-left panel. Data for neoplastic samples are 791 

displayed in the lower-right panel. 792 

(d) Relative mutation rates (RMR) of methylation damage (CG>TG) across different genomic 793 
elements further distinguished by MMR complex deficiency. RMR values are obtained per 794 
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genomic element by correcting the total CG>TG burden per sample by either CpG density or 795 

methylation levels. 796 
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 798 
Figure 7. MutSa is a Primary Repair Force Engaging Methylation Damage as Confirmed 799 

in MutSa-deficient Cancers. 800 

(a-e) MMRD status was determined across all TCGA cancer subtypes and supplemented by 801 

a CMMRD WES cancer cohort. MMRD genotype was determined by screening for loss-of-802 
function or known damaging variants, CNVs and SVs involving MMR components. Cases with 803 

MMRD as a consequence of MMR component promoter silencing were listed as unknown. 804 

(a) Mutation burden, mutational signature contribution and MMRD genotype for MMRD 805 

cancers present in the combined cohort. Each column represents an individual MMRD cancer. 806 

From top to bottom: cancer subtype, mutational signature attribution based on all mutations 807 

(SNVs and indels), relative mutational signature composition and MMRD genotype indicator. 808 
A white MMRD genotype indicator indicates either an unknown genotype or that MMRD is 809 

established through MMR gene promoter silencing. 810 

(b) UpSet plot summarizing MMRD genotype counts across all genotyped MMRD cancers. 811 
Top: number of cases with the indicated MMRD genotype combination. Right: number of 812 

cases per MMR component lost. Bottom: average mutational signature contribution per 813 

indicated MMRD genotype. 814 
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(c)  Forest plots summarizing the Dirichlet regression results. PMS2-deficient cancers were 815 

used as reference. Cancers with components lost from both MMR complexes (MutSa and 816 

MutLa) were excluded. Significant associations between MMR component loss and 817 

mutational signature activity was seen for the MMR-1 and MMR-5 signatures. 818 
(d) SBS mutational profiles per indicated cancer subtypes across different MMRD genotypes. 819 

Coloured label on the right of each mutational profile indicates the established MMRD 820 
genotype. Left: mutational profiles of MMRD glioblastoma multiforme enriched for loss of 821 

MutSa. Middle: colorectal adenocarcinoma (COAD), top 2 rows are typical mutational profiles 822 

for MutSa-deficient cases while the bottom 2 rows are indicative for MutLa-deficient cases. 823 

Right: endometrial cancer, top 2 rows are typical mutational profiles for MutSa-deficient cases 824 

while the bottom 2 rows are indicative for MutLa-deficient cases.  825 
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METHODS 826 

 827 
Human Tissue Samples 828 

 829 
All human biological samples were collected with informed consent by the Biallelic Mismatch 830 

Repair Deficiency Syndrome (bMMRD) biobank located at The Hospital of Sick Kids, Toronto, 831 

Canada, in accordance with procedures approved by the Local Research Ethics Committee 832 
(REC reference 17/NW/0713). Samples were snap-frozen in liquid nitrogen or stored at -80 833 

°C upon collection and stored at -80 °C after transfer to the bMMRD biobank at The Hospital 834 

of Sick Kids. 835 
 836 

Tissue Preparation 837 

 838 
Frozen tissues were first thawed at 4 °C for 10-15 min. Larger biopsies were dissected into 839 

smaller sections which were stored at -80 °C to safeguard materials for future experiments. 840 
Thawed tissues were fixed in 70% ethanol and embedded in paraffin by the Tissue-Tek VIP 6 841 

AI tissue processing instrument (Sakure) based on an ethanol-only embedding protocol. 842 
Sections of 10μm thickness were cut from the paraffine-embedded tissue blocks and mounted 843 
onto poly-ethylene naphtholate (PEN)-membrane slides (Leica). Tissue slides were stained 844 
with the following haematoxylin and eosin (H&E) protocol in sequential steps: xylene (2 min, 845 

twice), ethanol (100%, 1 min, twice), deionized water (1 min, once), Gill’s haematoxylin (10-846 
20 s, once), tap water (20 s, twice), eosin (10 s, once), tap water (10-20 s, once), ethanol 847 
(70%, 20 s, twice), and xylene (10-20 s, twice). Tissue slides were cover-slipped after H&E 848 

staining for scanning with the NanoZoomer S60 Slide Scanner (Hamamatsu), generated 849 
images were viewed with NDP.View2 (Hamamatsu). 850 

 851 

Laser Capture Microdissection 852 

 853 

Areas of interest were identified from the scanned slides. Laser capture microdissection of 854 

these areas was performed with the LMD7000 microscope (Leica) and collected into a skirted 855 
96-well PCR plate. Overview pre- and post-dissection images were stored for quality control. 856 

For some donors bulk samples from connective or muscle tissues were taken to be used as 857 

matched control. Cell lysis was achieved using 20μl of proteinase-K Picopure DNA Extraction 858 
kit (Arcturus). Thermocycler protocol: sample incubation at 65 °C for 3 hours followed by 859 

proteinase denaturation at 75 °C for 30 minutes. Processed samples were stored at -20 °C 860 

prior to submission for DNA library preparation. 861 
 862 
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Low-input DNA Library Preparation and Sequencing 863 

 864 
DNA library preparation was undertaken as previously described using a low-input DNA library 865 

preparation method (Ellis et al., 2021). This protocol allows for high quality DNA library 866 
preparation starting from low material quantities without whole genome amplification. DNA 867 

library concentration was assessed after library preparation, a minimum library concentration 868 

of 5 ng/μl was used to determine whether to take DNA sequencing forward. All LCM samples 869 
were subjected to 2x150bp paired-end whole genome sequencing. Samples from donors 870 

PD40098, PD40099, PD40100, PD40101, PD40102 and PD40103 were sequenced on the 871 

HiSeq X platform (Illumina), while samples from donors PD47719, PD47720, PD47721 and 872 
PD47722 were sequenced on the NovaSeq 6000 platform (Illumina) with the XP kit and using 873 

unique dual indexes. Pools of samples were sequenced to achieve a coverage of ³ 30. 874 

 875 
SBS Calling 876 

 877 
Sequencing data were aligned to the NCBI human reference genome (GRCh37) using the 878 
Burrow-Wheeler Aligner (BWA-MEM) (Li and Durbin, 2009). Duplicated mate-pairs were 879 
marked for removal during downstream analysis. Single Base Substitutions (SBS) were called 880 

using ‘Cancer Variants through Expectation Maximization’ (CaVEMan) (Jones et al., 2016). 881 
Mutations were called against a synthetic unmatched normal control. Post-calling filters were 882 
utilized to remove low-quality variants, alignment errors, low-input DNA library preparation 883 

specific artefacts and germline variants as previously described (Lee-Six et al., 2019; Moore 884 
et al., 2020). The following filters were applied: (1) common single nucleotide polymorphisms 885 
and recurrent artefacts were removed by filtering against a panel of 75 unmatched normal 886 

samples (Nik-Zainal et al., 2012), (2) common artefacts and erroneous variants as a 887 
consequence of poor alignment were removed by applying a threshold for the median 888 

alignment score (ASMD ³ 140) of reads supporting variants and less than half of the variant-889 

supporting reads could be clipped (CLPM = 0), (3) by counting variant supporting fragments 890 

instead of reads to prevent counting variant-supporting mate-pairs double and (4) a filter that 891 
detects variants introduced due to incorrect processing of cruciform DNA during DNA library 892 

preparation. Software implementing these filtering steps can be found at 893 

https://github.com/MathijsSanders/SangerLCMFiltering. 894 
 895 

A subsequent set of filters is applied to remove retained germline variants and potential 896 
artefacts. Code for performing these filtering steps can be found at 897 

https://github.com/TimCoorens/Unmatched_NormSeq. Mutations across all intestinal 898 
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samples were aggregated and read pile-up was performed with AnnotateBAMStatistics 899 

(https://github.com/MathijsSanders/AnnotateBAMStatistics) to determine the fragment counts 900 
of the mutant and wildtype alleles per mutation. Germline variants were filtered using an exact 901 

binomial test. Per donor mutant counts were aggregated across all intestinal samples in 902 
conjunction with the total fragment coverage. Taking the fragment variant and coverage 903 

counts a variant is retained when it deviates significantly from the expected values from a 904 

binomial distribution with p = 0.5. A second filter is used to filter potential remnant artefacts 905 
present at lower variant allele frequencies (VAF). For somatic variants a significant 906 

overdispersion is present when fitting a beta-binomial distribution. Variants consistently 907 

present with similar VAFs across all included samples are likely erroneous and yield little 908 
overdispersion. Therefore, a beta-binomial test was applied. Genuine variants were 909 

determined by using a overdispersion threshold (rho) of ³ 0.1. This process yielded the final 910 

list of somatic variants used for downstream analysis. 911 
 912 

Indel Calling 913 
 914 
Indels were called by cgpPindel (Raine et al., 2015) using a synthetic normal, described under 915 
‘SBS calling’, as unmatched control. Indels passing the standard filtering were subjected to a 916 

quality score ³ 300 and should be at least covered by 15 reads. Detected indels positioned in 917 

large repeats (> 9bp) are flagged by cgpPindel and removed from the final list of somatic 918 
variants. The number of mutant reads, wildtype reads and VAF was determined by cgpVAF. 919 

After collating these statistics, a similar protocol for determining germline variants and possible 920 

artefacts was used as described for SBS. 921 

 922 
Deletion-to-indel Ratio 923 

 924 

The deletion:indel ratio was determined for each normal intestinal crypt sequenced to assess 925 
the linear relationship between these lesions dependent on the mismatch repair deficiency 926 

(MMRD) genotype. A linear mixed model was constructed with lme4 (Bates et al., 2014) to 927 
model the number of deletions as a dependent variable on the interaction effect 928 

insertions:genotype (the number of insertions and MMRD genotype, fixed effect), donor label 929 

(random intercept to account for multiple samples per donor) and genotype-dependent 930 
insertions (random slope for insertions based on MMRD genotype). Crypts from neoplastic 931 

intestinal tissues have a strong phylogenetic relationship resulting in similar numbers of indels. 932 
The average deletion:indel ratio was calculated for these samples as an indication of which 933 

indel lesion type are often acquired. 934 
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 935 

Structural Variant Calling 936 
 937 

Structural variants (SV) were called using a matched, but phylogenetically unrelated, sample 938 
from the same donor with the ‘Breakpoints Via Assembly’ (BRASS) algorithm (Campbell et 939 

al., 2008), with further annotation from GRASS (https://github.com/cancerit/BRASS). SVs 940 

were annotated further by AnnotateBRASS 941 
(https://github.com/MathijsSanders/AnnotateBRASS) as previously described in detail (Moore 942 

et al., 2020). In brief, low-input DNA preparation results in the erroneous introduction of SV at 943 

low read counts. AnnotateBRASS determines the following per SV: the number of supporting 944 
read pairs, the variance in the alignment position of read pairs, whether read-pairs are clipped 945 

or carry an excess of variants not reported in single nucleotide polymorphism databases, are 946 

in the correct orientation or whether SV-supporting read-pairs are in regions marked by high 947 
proportions of other read-pairs aligning to different parts of the genome (high homology). After 948 

annotation SVs are filtered as previously described in detail 949 
https://github.com/MathijsSanders/AnnotateBRASS (Moore et al., 2020). 950 

 951 
Copy Number Variation Calling 952 
 953 
Coverage and B-allele frequency (BAF) information was extracted for samples included in the 954 

study by ConstructASCATFiles (https://github.com/MathijsSanders/ConstructASCATFiles). 955 
Single nucleotide polypmorphisms (SNP) with a population frequency greater than 0.01 were 956 
used for extracting coverage and BAF statistics across all samples. Coverage and BAF 957 

statistics were grouped by donor and assessed for quality via ‘QualityControl_and_PCA.R’ 958 
(https://github.com/MathijsSanders/PREASCAT). For each donor one or more control 959 

samples are defined which are assumed to comprise fully diploid cells. This could either be 960 

bulk polyclonal samples (connective tissue) or other tissues for which it is certain that the 961 

genome is diploid. SNPs with limited coverage across all control samples are excluded from 962 

the analysis. Samples are corrected for library size by assuming that heterozygous SNPs with 963 

a balanced VAF (~ 0.5) represent diploid genomic areas. The LogR ratio is determined by 964 
dividing the library-size corrected coverage for each samples with the median library-size 965 

corrected coverage of the controls. The X chromosome is multiplied by 2 for male individuals 966 

to correct for sex differences. The low-input DNA library preparation protocol on occasion 967 
results in substantial variance in the BAF of heterozygous SNPs in the control samples. The 968 

median BAF across the control samples is used to determine the set of heterozygous SNPs 969 

for each donor. Principal component analysis (PCA) was applied to normalized LogR values 970 
to detect systemic biases present in all samples or the samples of the donor of interest. Among 971 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted April 15, 2021. ; https://doi.org/10.1101/2021.04.14.437578doi: bioRxiv preprint 

https://doi.org/10.1101/2021.04.14.437578
http://creativecommons.org/licenses/by-nc-nd/4.0/


such areas are the HLA locus and peri-centromeric regions and regions of high-vs-low CpG 972 

density. Final LogR and BAF statistics are calculated with ‘construct_ASCAT_file.R’ 973 
(https://github.com/MathijsSanders/ConstructASCATFiles). This algorithm follows the same 974 

approach but includes prinicipal component (PC) regression to assuage any systemic noise 975 
present. LogR profiles are centered around 0 by subtracting the mean value followed by PC 976 

regression to determine the absolute presence of noise. This fit is extracted from the 0-977 

centered LogR profile followed by restoration to the previous average value by adding the 978 
mean value earlier used for subtraction. Finally, the resulting files are used in ASCAT for allele-979 

specific CNV detection (Van Loo et al., 2010). 980 

 981 
Telomere Content Estimation 982 

 983 

Attrition of the telomeres is a hallmark of cellular aging. Assessment of telomere lengths for 984 
all microdissected samples, including neoplastic intestinal epithelium, was achieved by two 985 

distinct approaches. 986 
 987 

Telomerecat v3.4.0 (Farmery et al., 2018) was used for estimating telomere lengths based on 988 
WGS data with length correction enabled and the number of simulations set to 100. In rare 989 
instances telomere lengths could not be estimated. One possible explanation is the use of the 990 
HiSeq X and NovaSeq 6000 instruments for distinct sets of microdissected samples. A second 991 

telomere length algorithm, TelomereHunter (Feuerbach et al., 2019), was used as an 992 
orthogonal approach which yielded results for all samples. Strong correlation was observed 993 
upon comparing the different telomere length estimation algorithms. Telomeres from 994 

neoplastic intestinal epithelium were significant shorter compared to their synchronously 995 
collected matched normal tissues indicative that neoplastic change results in increased 996 

proliferation rates and shorter telomeres. Telomere content estimates from TelomereHunter 997 

were reported because information was available for all samples. 998 

 999 

Inference of Phylogenetic Trees 1000 

 1001 
Phylogenies from all mutations, SBS and indels, of normal and neoplastic colonic crypts 1002 

(n=110) was reconstructed for 8 CMMRD donors across all MMRD genotypes. SBS were 1003 

called by CaVEMan as described under ‘SBS calling’, while indels were called by cgpPindel 1004 
as described under ‘Indel calling’. Finally mutations were recalled across all intestinal crypts 1005 

samples for each donor using AnnotateBAMStatistics (SBS) or cgpVAF (indel). Variants with 1006 

a VAF ³ 0.3 were labelled as present (1), VAF £ 0.1 as absent (0) and a VAF between 0.1 1007 

and 0.3 (?) as ambiguous. This string of labels was used as input for phylogenetic tree 1008 
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reconstruction using a parsimonious approach in MPBoot (Hoang et al., 2018), bootstrap 1009 

parameter set 1.000, and mutations were mapped to branches of the phylogenic tree using 1010 
maximum likelihood estimation. 1011 

 1012 
Mutational Signature Extraction 1013 

 1014 

All classes of SBS, multi-nucleotide variants (MNV) and indels were used for mutational 1015 
signature extraction. For normal and neoplastic intestinal crypts branches from the 1016 

reconstructed phylogenetic trees were used as input rather than the complete per-sample 1017 

mutational catalogue. Some intestinal crypts have strong phylogenetic relationship due to 1018 
crypt fission at a later point in life. Using branches from the phylogenetic trees prevents 1019 

mutations being duplicated in the same mutational signature extraction procedure. 1020 

Additionally, using the branches as input gives insight into the changes of the mutational 1021 
signature composition upon neoplastic change. The full mutational catalogue for non-intestinal 1022 

epithelium microdissected samples is used due to little genetic kinship to other non-intestinal 1023 
samples from the same tissue. Mutational signature analysis was performed using 1024 

TensorSignatures (Vöhringer et al., 2020), which defines mutational signatures in terms of 1025 
SBS, MNVs as well as indels. SBS are counted strand symmetrically (C>A, C>G, C>T, T>A, 1026 
T>C and T>G) and were classified based on the 5’ and 3’ flanking nucleotide context. MVS 1027 
and indels were classified by variant type and increasing length. TensorSignatures 1028 

deconvolves mutational signatures further on the basis of genomic properties by grouping 1029 
SBS by genomic contexts including transcription and replication orientation, epigenetic and 1030 
nucleosomal context, and clustering status. Transcription states include the coding, template 1031 

and unknown strand and were derived from GENCODE v19 annotations. Assignment to 1032 
replication orientation (leading, lagging or unknown strand) were based on consensus 1033 

annotations from Repli-seq profiles of GM12818, K564, HeLa, HUVEC and HepG2 cell lines 1034 

(Hansen et al., 2010). Epigenetic states (TssA, TssAFlnk, TxFlnk, Tx, TxWk, EnhG, Enh, 1035 

Znf/Rpts, Het, TSSBiv, BivFlnk, EnhBiv, ReprPC, ReprPCWk and Quies) stem from 1036 

consensus ChromHMM annotations derived from the 127 ENCODE cell lines (Roadmap 1037 

Epigenetic Consortium). SBS assignment to nucleosomal status (minor grooves facing away 1038 
from and towards histones, and linker DNA between nucleosomes) were based on MNase cut 1039 

efficiency data, locating conserved nucleosome dyad (midpoint) positions in human 1040 

lymphoblastoid cell lines (Pich et al., 2018). Clustered SBS were identified using a 2-state 1041 
Hidden-Markov model (Vöhringer et al., 2020). The analysis was performed for decomposition 1042 

ranks ranging between 2-20 and the overdispersion parameters: 10, 20, 30, 50, 100, 1,000 1043 

and 10,000. The model with 6 (overdispersion = 10.000) mutational signatures was selected 1044 
as suggested by the Bayesian information criterion estimator. Optimization of each model was 1045 
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performed for 50.000 training epochs using an ADAM optimizer and an exponential decaying 1046 

learning rate (starting learning rate 0.1). 1047 

 1048 

Phylogenetic Tree Visualisation 1049 

 1050 
The mutational composition per phylogenetic tree branches was estimated by 1051 

TensorSignatures (Vöhringer et al., 2020). The structure of the reconstructed tree was 1052 
determined as described under ‘Inference of phylogenetic trees’. The fortified tree was plotted 1053 

by ggtree (Yu, 2020), while the stacked bar plots were drawn upon the tree with ggplot2 and 1054 

ggpattern (https://github.com/coolbutuseless/ggpattern). Length of branch indicates the 1055 
number of SBS and indels detected, while the coloured segments of the stacked barplot 1056 

indicates the contribution of each mutational signature. The SBS and indels were separated 1057 

for each branch. Coloured solid segments indicate the number of SBS contributed per 1058 
mutational signature while the coloured striped segments indicate the number of indels 1059 
contributed per mutational signature. Telomere lengths were added with aplot and ggpubr. 1060 
 1061 
Driver Mutation Calling 1062 

 1063 

Driver mutation analysis was performed by taking two separate approaches. First, dNdScv 1064 

(Martincorena et al., 2017) was used to identify mutations under positive selection by 1065 
comparing the observed nonsynonymous:synonymous mutation ratio to the expected value 1066 
after correcting for mutational context biases and local genomic information, such as 1067 
replication timing or local epigenetic state. Mutations were extracted from the phylogenetic 1068 

trees to prevent variant duplication. Settings were kept at default because none of the samples 1069 
violated the predefined condition of having a moderate amount of coding mutations or an 1070 

excess of mutations for a single gene. When including all dissected intestinal crypts, 1071 

irrespective whether normal or neoplastic, yielded only the gene APC as significantly enriched 1072 

(Benjamini-Hochberg corrected q-value £ 0.05) for disruptive mutations which is not 1073 

unexpected given the inclusion of neoplastic intestinal tissues. For normal tissues none of the 1074 
recurrently mutated genes were considered significantly enriched for non-silent mutations, 1075 

even when performing restricted hypothesis testing. 1076 

 1077 
Yet, there were multiple mutations detected in the normal intestinal crypts with amino acid 1078 

changes often seen in intestinal cancers as reported by COSMIC (Forbes et al., 2008). In the 1079 

second phase SBS and indels were collated across the normal and neoplastic intestinal crypts 1080 
separately. Analysis was restricted to protein-coding changes and essential splice acceptor or 1081 
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donor sites. Mutations were annotated with ANNOVAR (Wang et al., 2010), including COSMIC 1082 

db v91, and compared to a list of 369 driver genes previously published (Martincorena et al., 1083 
2017). All types of premature truncating variants (PTV; frameshifts, stopgains or essential 1084 

splice-site mutations) were considered sufficient for genes known to act as tumour 1085 
suppressors or have been associated with frequent PTVs. Missense mutations should be 1086 

located in hotspot locations previously reported in COSMIC in at least a few cancers. For 1087 

instance, FBXW7 is found recurrently mutated in this study, most often at known hotspot 1088 
positions. However, a few missense mutations detected in this gene were reported in a low 1089 

number of intestinal cancers. Even less missense mutations were not reported and could 1090 

therefore not be considered genuine driver mutations. The frequency of driver mutations was 1091 

compared between samples taken from of MutSa and MutLa deficient tissues. These 1092 

frequencies were similarly compared to the driver mutation landscape of 445 MMR-1093 

proficient healthy intestinal crypts (Lee-Six et al., 2019), which were annotated and 1094 

filtered using the same approaches. 1095 

 1096 
Genomic Distribution Mutations 1097 
 1098 

Genomic regions were masked based on the ENCODE blacklist to rule out errors due to read 1099 
misalignment, regions of poor alignment or regions exhibiting anomalous coverage intensity 1100 
signals in an approach similar as previously published (Supek and Lehner, 2015). The 1101 

remainder of the unmasked genome was segregated into non-overlapping 100 kb (Figure 1102 
S4B) or 1 Mb (Figures 6A-B and Figure S4C) windows and those for which a significant 1103 

proportion (³ 50%) fails the above criteria are removed from further analysis. The Y 1104 

chromosome was similarly excluded from analysis. This masking process yielded 26396 100 1105 

kb or 2588 1 Mb windows passing the above criteria. Different from previous approaches 1106 

(Supek and Lehner, 2015), exonic areas are included. SBS densities were calculated per 1107 
donor and tissue combination. For instance the normal colonic epithelium of case PD40102. 1108 

SBS can be aggregated across intestinal crypts under the assumption that mutation rates are 1109 
approximately similar across the different intestinal crypts from the same tissue. SBS are 1110 

extracted from the phylogenetic trees to prevent mutations being duplicated. For each donor 1111 

and tissue combination, the SBS density of each window is determined by aggregating the 1112 
SBS across all microdissected intestinal crypts and dividing the total count by the effective 1113 

window length after masking. In the end there are 26396 or 2588 SBS density values for each 1114 
donor and intestinal tissue combination. The relative mutation frequency (RMF) is determined 1115 

by dividing the SBS density value by the mean SBS density value across all windows per 1116 

donor and tissue combination. 1117 
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 1118 

A DNA replication timing profile was generated from 11 Repli-seq datasets from ENCODE 1119 
(Consortium, 2012) downloaded through the UCSC genome browser (hg19). The data 1120 

comprises genome-wide wavelet-smoothed Repli-seq values per 1kb bins for 11 cell lines 1121 
(BG02ES, BJ, GM12878, Hela-S3, HepG2, HUVEC, IMR90, K562, MCF-7 and NHEK). The 1122 

median value across all cell lines was calculated per 1kb window and from these median 1123 

values the median value was calculated for 100 kb or 1 Mb non-overlapping windows. These 1124 
non-overlapping windows were sorted based on the summarized Repli-seq value and 1125 

distributed among 5 equally-sized domains, named the Earliest, Early, Median, Late and 1126 

Latest replication timing domains. The higher the summarized Repli-seq value the earlier it is 1127 
expected that this region of the genome undergoes replication. Thereafter mutation windows 1128 

are assigned to the replication timing domains to assess the effect of replication timing on the 1129 

relative SBS mutation rate. 1130 
 1131 

For each non-overlapping RMF window the density of coding sequence is determined with the 1132 
EnsDb.Hsapiens.v75 package in R, while the CpG density is determined using the 1133 

BSgenome.Hsapiens.UCSC.hg19 package in R. RMF, replication timing, coding genome 1134 
density and CpG density were plotted with Gviz (Hahne and Ivanek, 2016). 1135 

 1136 

Relative Mutation Rate 1137 
 1138 
Whole genome bisulfite sequencing (WGBS) data from 2 normal sigmoid cell colon samples 1139 
were downloaded from GEO Omnibus (GSM983645 and GSM1010989) and was used for 1140 
assessing the methylation state of CpGs. The analysis was restricted to CpG sites covered by 1141 

at least 1 WGBS sample, the average is calculated in case sufficient coverage was present in 1142 

both samples. The relative mutation rate for CpG or 5mC can be calculated by determining 1143 
the CpG abundance (RMR-CG) or 5mC (RMR-5mC) abundance as previously described 1144 

(Sanders et al., 2018). RMR-CG reflects the number of mutations expected in 1Mb of CpGs 1145 
in a particular genomic feature if 1000 somatic mutations are randomly selected from the 1146 

mutation catalogue: 1147 

RMR#$
%&' =

𝜇#$
* 𝛼#10./ ∙ *

𝜏$
102/

 1148 

 1149 

Where 𝜇#$ represents the CG>TG mutation count in feature i for sample j, 𝛼# represents the 1150 

total number of CpGs in feature i, and 𝜏$ is the total CG>TG mutation burden for sample j. 1151 

 1152 
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For RMR-5mC the 𝛼# is replaced with the  methylation level sum across feature i: 1153 

RMR#$34% =
𝜇#$

* 𝜔#10./ ∙ *
𝜏$
102/

 1154 

Where: 1155 

𝜔# = 6 𝛽#
%&'	∈	#

 1156 

Where 𝛽# is the average methylation level (ranging between 0 – no methylation – and 1 – full 1157 

methylation). RMR-5mC corrects for the methylation state of features of interest. For 1158 
instance, promoters often have little methylation. 1159 

 1160 

To assess the linear relationship between methylation level and mutation probability, CG>TG 1161 
mutations are binned per sample based on the methylation level detected in the normal 1162 

sigmoid colon into consecutive bins of 0.1 interval, ranging from 0 (no methylation) to 1 (full 1163 

methylation) with a 0.1 interval. The total count per bin is divided by 1.000.000  and the age 1164 
of the donor to assess the annual mutation rate per million methylated CpGs. 1165 
 1166 
Fitting Mutational Signatures for Regions of Interest 1167 

 1168 
For normal intestinal epithelium crypts mutations per region of interest are determined. First, 1169 
replication timing domains (Early, Earliest, Median, Late, Latest) as described before. Second, 1170 

across the coding sequence (CDS), all human exons, complete genes and the intergenic 1171 
space. Mutational signatures extracted from the microdissected samples, described under 1172 
‘Mutational signature extraction’, are fitted to the mutational catalogues of the replication 1173 

domains or regions of interest with TensorSignatures (Vöhringer et al., 2020). For MutSa-1174 

deficient intestinal crypts the contribution of MMR-1 is high in early replication regions 1175 

and the CDS due to the increase CpG density in these regions. A beta generalized 1176 

linear mixed model was fitted to test whether MutSa-deficient intestinal crypts have an 1177 

enrichment of MMR-1 in these regions compared to the MutLa-deficient intestinal 1178 

crypts. Fitting was done with glmmTMB (Brooks et al., 2017) using the exposure of 1179 

MMR-1 (proportion) as the dependent variable, MutSa-deficiency as fixed effect 1180 

(dichotomous variable) and donor as random intercept (multiple samples per tissue). 1181 

The 95%-CI was determined by 10.000 bootstraps via bootMer from lme4, while the 1182 

p-value was determined by parametric bootstrapping for 10.000 bootstraps with a full 1183 

model, containing MutSa-deficiency as fixed effect and a reduced model, without 1184 
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MutSa-deficiency as variable and calculating the loglikelihood deviance as 1185 

comparator. 1186 

 1187 

Assessing MMRD Genotype 1188 

 1189 
MSI status for endometrial, colorectal and stomach cancer from The Cancer Genome Atlas 1190 

(TCGA) was downloaded from the GDC data portal. For the remainder of the TCGA cohort, 1191 

including endometrial, colorectal and stomach cancers with a negative MSI status, samples 1192 

were selected with a high whole exome sequencing (WES) mutation burden (³ 150 somatic 1193 

mutations) for further characterization. The mutational catalogues of selected WES were fitted 1194 
with the standard COSMIC v3 MMR signatures SBS-6, SBS-15, SBS-20, SBS-21 and SBS-1195 

26 and SBS-1. Cases with an exposure of ³ 0.25 for one MMR signature or SBS-1 were 1196 

selected for genotyping. Mutational profiles were on occasion manually reviewed to ensure 1197 
correct cases were selected for further analysis. Including the constitutive mismatch repair 1198 

deficiency (CMMRD) this resulted in 337 possible MMRD cancers. 1199 
 1200 
Tumor-only variant calling was done with Mutect2 (Benjamin et al., 2019). Protein truncating 1201 
variants (PTV) in MLH1, MSH2, MSH6 or PMS2 were considered disruptive. Missense 1202 

mutations in these genes in a hypermutation setting can result in incorrect genotyping. Only 1203 
missense mutations listed as ‘likely pathogenic’ or ‘pathogenic’ in the InSiGHT (Thompson et 1204 
al., 2014) or ClinVar (Landrum et al., 2018) databases were considered clinically relevant. The 1205 

remainder of missense mutations in the MMR genes were only considered relevant if there 1206 
was strong evidence in the literature from in vivo/in vitro assays that a hypermutation 1207 
phenotype is observed. Transcript fusions or structural variants effecting a MMR gene was 1208 

considered relevant. Finally, CNV loss as determined by ASCAT (Van Loo et al., 2010) or by 1209 
local loss of coverage was considered relevant. 1210 
 1211 

Based on sample purity as estimated by ASCAT, cases were only considered genotyped, if 1212 

the following is found: a clinically relevant homozygous mutation after taking purity into 1213 
account, compound heterozygous relevant mutations in the same gene, digenic relevant 1214 

mutations or when a clinically relevant mutation is combined with a CNV or SV. Promoter 1215 

methylation followed by gene silencing, commonly observed for MLH1 in CpG island 1216 
hypermethylation (CIMP) colorectal cancers, was not taken along because the methylator 1217 

phenotype might be an event secondary to neoplastic change or is transient in nature. This 1218 

resulted in 117 MMRD cancers being genotyped. For a considerable number of cases the 1219 
clinically relevant variant is germline, presumably Lynch syndrome. In accordance with TCGA 1220 
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procedures the cases have been anonymized in all figures and tables. The names reflect the 1221 

TCGA cancer subtype only and additional information on the MMR genes with disruptive 1222 
variants are included in the supplementary tables. 1223 

 1224 
Dirichlet Regression 1225 

 1226 

The extracted mutational signatures are fitted to the TCGA and CMMRD WES mutational 1227 
catalogues to determine the mutational signature composition per case. Dirichlet regression 1228 

(Maier, 2014) was applied to relate changes in the mutational signature composition to the 1229 

MMRD genotype or the deficiency of a specific MMR complex. Cases with clinically relevant 1230 

variants in both the MutSa and the MutLa (digenic) complexes were excluded from the 1231 

analysis. It remains difficult to assess whether the loss of both complexes in cancer has a 1232 

compounding effect on a mutational level or whether there was an chronological order in the 1233 
loss of both complexes. Cases with digenic clinically relevant mutations in the same complex, 1234 

e.g., MSH2 and MSH6, were retained. First, PMS2-deficient cancers were used as the 1235 
reference when linking changes in the mutational signature composition to the MMRD 1236 
genotypes. This analysis was performed on all the MMRD cancers fulfilling the listed criteria. 1237 

Cancers with MutLa-deficiency were used as reference when comparing MutSa-deficiency to 1238 

MutLa-deficiency for changes in the mutational signature composition. This analyses was 1239 

performed across all MMRD cancers, all MMRD cancers commonly associated with MMRD 1240 
(endometrial, colorectal, stomach and prostate cancer), endometrial cancer alone, colorectal 1241 
cancer alone, stomach cancer alone  and all other remaining MMRD cancers. 1242 
 1243 
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SUPPLEMENTARY FIGURES 1333 

 1334 
 1335 
Figure S1. Mutational Profiles and Genetic Lesions Determined from CMMRD Tissues 1336 

by Laser Capture Microdissection, Related to Figures 1-2 and 5. 1337 

(a) Sample collection outline for CMMRD tissues by laser capture microdissection. 1338 
(b-e) Microdissected areas and matched mutational profile for (b) a normal colonic crypt from 1339 

MSH6-deficient donor PD40103, (c) a normal colonic crypt from MLH1-deficient donor 1340 

PD40102, (d) a subarachnoid blood vessel collected from a brain sample of PMS2-deficient 1341 
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donor PD40099 and (e) a blood vessel collected from a brain sample from MSH2-deficient 1342 

donor PD40098. 1343 
(f) Examples of homozygous loss of driver genes through truncating mutations coinciding with 1344 

copy number neutral loss of heterozygosity in individual crypts of donors PD40101 and 1345 
PD40102. 1346 
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 1348 
Figure S2. Insertion and Deletion Types and Acquisition Rates Differs Across MMRD 1349 

Genotype, Related to Figures 1 and 3-4. 1350 
(a) Typical insertion and deletion (indel) classification profiles observed from normal intestinal 1351 

crypts from a MSH6-deficient and PMS2-deficient donor. Similar indel classification profiles 1352 

were observed for other donors with the same MMRD genotype. 1353 
(b) Linear mixed model fit for 1bp insertions against 1bp deletions with the MMRD genotype 1354 

(MSH2, MSH6, MLH1 and PMS) included as fixed effect, donor included as random intercept 1355 

and MMRD genotype included as random slope. 1356 
(c) Average 1bp deletion-insertion ratios calculated across intestinal crypts from collected 1357 

neoplastic tissues. 1358 
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 1360 
Figure S3. MMRD Driver Mutation Landscape Recapitulates Active Mutational 1361 

Processes and Is Enriched Compared to the Healthy Population, Related to Figures 3-1362 

4. 1363 
(a) Driver mutation count coloured by mutation type for (Left) all intestinal crypts isolated and 1364 

(Right) all normal intestinal crypts. Mutation types include: missense, nonsense, essential 1365 

splice site, frameshifts mutations and copy number changes. 1366 
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(b) SBS and indel mutational profiles of driver mutations detected in healthy and neoplastic 1367 

intestinal crypts. 1368 

(c) Fraction of normal intestinal crypts with driver mutations as detected in MutSa-deficient 1369 

donors (MSH2 or MSH6, n = 40 crypts), MutLa-deficient donors (MLH1 or PMS2, n = 40 1370 

crypts) and MMR-proficient donors (n = 445 crypts). 1371 
  1372 
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 1373 
Figure S4. Genomic Distribution of Mutations in Intestinal Crypts is Associated with 1374 
MMRD Genotype and Disease State, Related to Figures 1, 3-4 and 6. 1375 
(a) Relative mutations rates (RMR) of CG>TG mutations was calculated for the replication 1376 

timing domains (latest, late, median, early and earliest) by correcting for CpG-density and 1377 

sample-specific mutation burden. Calculated RMR values were grouped based on MutSa or 1378 

MutLa-deficiency to illustrate the changes in CG>TG mutation rates across replication timing 1379 

domains. 1380 
(b) Relative SBS frequency boxplots for 100 kb non-overlapping bins across the genome 1381 
grouped on replication timing domains. Data for healthy intestinal crypts is illustrated for all 1382 

donors, donors grouped on MMR complex deficiency and loss of individual MMR components. 1383 

Data for MSH6-deficient neoplastic intestine is illustrated in the bottom-right panel. 1384 
(c) Distribution of mutations and established determinants of mutation rate for chromosome 1385 

21 across non-overlapping 1 Mb bins. From top to bottom. (I) Average replication timing profile. 1386 

High values indicate early replication and vice versa. (II) CpG-dinucleotide density. (III) Coding 1387 
genome density. (IV) Average relative SBS frequency of healthy intestinal crypts for individual 1388 

donors as indicated by line type. Line color indicates the MMR complex lost for each donor. 1389 
Highlighted areas indicate broad regions of high CpG and coding genome density. 1390 
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 1392 
Figure S5. Differential DNA Damage Acquisition Across Replication Timing Domains 1393 

Reveals the DNA Repair Patterns of Individual MMR components, Related to Figures 2-1394 
4 and 6. 1395 

Mutations where counted across the replication timing domains. Mutational signatures 1396 

extracted from the genome-wide normal CMMRD intestinal crypt mutation catalogues (Figure 1397 
2) were fitted to each replication timing domain to establish mutational signature composition 1398 

per sample and domain. Samples are grouped by donor and MMR complex deficiency. From 1399 
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top to bottom: Mutational signature attribution based on all mutations (SBSs and indels) and 1400 

the relative mutational signature attribution for each replication timing domain, ranging from 1401 
earliest, early, median, late, latest. 1402 

 1403 
  1404 
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 1405 
Figure S6. Differential DNA Damage Acquisition Across Genomic Elements Reveals the 1406 
DNA Repair Patterns of Individual MMR components, Related to Figures 2-4 and 6. 1407 

Mutations were counted across different genomic elements, ranging from the coding 1408 

sequence, all exons (including untranslated regions), all genic constituents (exons and introns) 1409 
and the intergenic space. This order of genomic elements follows the trend of methylated CpG 1410 

density. Mutational signatures extracted from genome-wide mutation catalogues (Figure 2) 1411 

were fitted to each genomic element to establish the mutational signature composition per 1412 
sample and genomic element. Samples are grouped by donor and MMR complex deficiency. 1413 

From top to bottom: Mutational signature attribution based on all mutations (SBSs and indels) 1414 

and the relative mutational signature attribution for each genomic segment. 1415 
 1416 
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 1418 
Figure S7. Validation of Mutational Signature Activity in Public Cancer Datasets, 1419 
Related to Figures 2 and 7. 1420 

Dirichlet regression performed on the mutational signature composition established by fitting 1421 

the extracted mutational signatures to the WES mutational catalogues of MMRD cancers. 1422 

Cases with loss of both MMR complexes (MutSa and MutLa) were excluded from the analysis. 1423 

Cancers with MutLa-deficiency were used as reference. Enrichment or significance should be 1424 

considered relative. Significance of mutational signature enrichment was tested in all MMRD 1425 

cancers, the cancer subtypes enriched for MMRD (endometrial, colorectal, stomach and 1426 
prostate cancer), endometrial cancer, colorectal cancer, stomach cancer and the remainder 1427 

of MMRD cancers. 1428 

(a) Validation of the association between 5mC deamination signature (MMR-1) activity and 1429 

MutSa-deficiency in all predefined cancer categories with the exception of MMRD stomach 1430 

cancer. 1431 
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(b) Validation of the association between ‘Replication Undivided’ signature (MMR-5) activity 1432 

and MutSa-deficiency in all predefined cancer categories with the exception of MMRD 1433 

stomach cancer and the remainder of MMRD cancers. 1434 
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