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20  Abstract

21 Microsatellites are repeats of 1-6bp units and ~10 million microsatellites have been
22  identified across the human genome. Microsatellites are vulnerable to DNA mismatch
23  errors, and have thus been used to detect cancers with mismatch repair deficiency. To
24  reveal the mutational landscape of the microsatellite repeat regions at the genome level,
25  we analyzed approximately 20.1 billion microsatellites in 2,717 whole genomes of pan-
26  cancer samples across 21 tissue types. Firstly, we developed a new insertion and deletion
27  caller (MIMcall) that takes into consideration the error patterns of different types of
28  microsatellites. Among the 2,717 pan-cancer samples, our analysis identified 31 samples,
29  including colorectal, uterus, and stomach cancers, with higher microsatellite mutation rate
30 (=0.03), which we defined as microsatellite instability (MSI) cancers in genome-wide
31 level. Next, we found 20 highly-mutated microsatellites that can be used to detect MSI
32  cancers with high sensitivity. Third, we found that replication timing and DNA shape
33  were significantly associated with mutation rates of the microsatellites. Analysis of
34  germline variation of the microsatellites suggested that the amount of germline variations
35 and somatic mutation rates were correlated. Lastly, analysis of mutations in mismatch
36  repair genes showed that somatic SN'Vs and short indels had larger functional impact than
37  germline mutations and structural variations. Our analysis provides a comprehensive
38  picture of mutations in the microsatellite regions, and reveals possible causes of mutations,

39  as well as provides a useful marker set for MSI detection.
40
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41 Introduction

42  Recent large-scale whole genome sequencing studies have revealed the complexity of the
43  mutational landscape of the cancer genome (1-4). In cancer genomes, various types of
44  mutations, such as SNVs (single nucleotide variants), short indels (insertions and
45  deletions), genomic rearrangements, copy number alterations, insertion of
46  retrotransposons, and virus genome integrations, have been identified, and their
47  oncogenic roles have been characterized (1-5). Additionally, genome sequencing studies
48 have revealed the molecular basis of somatic mutations (6-9). However, somatic
49  mutations in microsatellites or repeat sequences have not been well-characterized in a
950 large whole genome sequencing cohort due to difficulties in accurately detecting
51 mutations using presently available short-read sequencing technologies.

52 A microsatellite is defined as a tract of repetitive DNA motif composed of short
93  repeating units (10). The mutation rate of microsatellites has been known to be higher
94  than other genomic regions due to DNA polymerase slippage during DNA replication and
95 repair (10). Due to their fragility, microsatellites are used as markers of genomic
56  instability in cancer (11). In cancer genetics studies, microsatellite instability (MSI) has
97  been used for molecular diagnosis of Lynch syndrome and cancers with mismatch repair
98  deficiency (11). Furthermore, MSI-positive tumors are generally burdened with higher
99  numbers of somatic mutations and present many mutation-associated neo-antigens, which
60  might be recognized by the immune system. Presently, MSI can also be used as a marker
61  to predict the effect of immune therapy (12). The MSI phenotype is most common in
62  colorectal cancers, stomach cancers and uterine endometrial cancers (10-15%), although
63 it has also been observed across many tumor types at a few % (11). The MSI phenotype
64  is defined by the presence of somatic indels of the 2-5 microsatellite makers, whereby
65 BAT25/26 mononucleotide microsatellites are widely used to establish MSI status (11).

66 Irrespective of the clinical importance of microsatellite, large-scale analysis of
67 somatic changes in microsatellites across various type of cancers is limited for whole
68  genome sequencing (WGS) data (13, 14). In the current study, we analyzed indels in
69  microsatellites for 2,913 ICGC pan-cancer samples from 21 tissues (15) to reveal the
70  whole genome mutational landscape of microsatellite regions. We developed a method to
71 detect somatic indels in microsatellite regions, selected an appropriate parameter for our
72 purpose, and identified indels in microsatellite regions. We identified MSI-positive
73  samples and factors affecting the mutation rate of microsatellites, as well as highly-
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74  mutated microsatellites. We also analyzed the association of mutation rate of
75 microsatellites with somatic and germline mutations in DNA repair genes, and compared
76  mutational signatures between MSI and other samples. Our analysis provides a
77 comprehensive picture of mutations in the microsatellite regions, and reveals possible
78  causes of mutations, as well as provides a useful marker set for MSI detection.
79
80  Results
81  Identification of microsatellite regions in the genome
82  We detected microsatellites using three methods (MsDetector, Tandem Repeat Finder,
83 and MISA software) (16-18). To exclude microsatellites potentially arising from read
84  mapping errors, we selected microsatellites based on the uniqueness of flanking
85  sequences and pattern of repeats. A total of 9,292,677 microsatellites were used for
86  subsequent analyses. Within these selected microsatellites, it was observed that the MISA
87  software identified a larger number compared to other methods (Supplementary Fig. 1).
88
89  Error rate estimation of microsatellites
90  During library preparation and sequencing processes, indel errors can be introduced by
91  PCR in reads containing short repeats, due to replication slippage of DNA polymerases.
92  Since the error rates should depend on the length and type of microsatellites, we first
93 estimated the error rates of different types of microsatellites. The type of microsatellites
94  was defined by length of the microsatellite region in the reference genome and repeat unit
95 (see Materials and Methods). Using sequence data of chrX from 32 normal tissues of
96  male individuals, we estimated the error rate among different types and lengths of
97  microsatellites. As the male chrX is hemizygotic, the error rate can be inferred without
98 the influence of heterozygous polymorphisms (19, 20). As expected, error rates depended
99  on the unit and length of the microsatellites, with longer microsatellites having higher
100  error rates (Supplementary Fig. 2). In all types of microsatellites, deletion errors were
101 more frequent than insertion errors, and smaller changes of unit number were
102  predominant (Supplementary Fig. 2). These results suggest that PCR or sequencing
103  processes are prone to induce short deletion errors. Error rates of microsatellites between
104  5-9bp in length within the reference genome were very low (< 0.2%), while those of
105  longer microsatellites were higher (> 5% error rate for 20-100bp of microsatellites in the
106  reference genome length). Two bp repeats had higher error rates than other microsatellites
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107  (Supplementary Fig. 2). The A/T type of microsatellite was observed to have higher
108  error rates compared to G/C microsatellites (Supplementary Fig. 2). Since the estimated
109  error rates were quite different among the types and lengths of microsatellites, we used
110  the difference between error rates to detect somatic indels in the microsatellites. We
111 generated a table of error rates for analyzing mutations in microsatellite regions based on
112 the estimated error rates (Supplementary Table 2).
113
114 Validation with simulation data sets and setting of thresholds
115  Mutations in microsatellite regions were identified based on likelihoods (see Materials
116  and Methods). To estimate false positive and false negative rates, and to select appropriate
117  parameters, we generated simulation data sets by using sequence reads mapped on chrX
118  of male individuals. First, we determined the genotype of each microsatellite on chrX.
119 Since chrX is hemizygotic in male, we considered the dominant reads as the true genotype
120  of each sample. We then mixed chrX reads from two male individuals and identified
121 variations in the microsatellite regions with our algorithm. By comparing the true
122 genotypes and genotypes from the mixed data, we estimated the false positive and
123  negative rates. The false positive and negative rates were varied according to the
124 likelihood values (L), and higher L had higher false negative and lower false positive rates
125  (Supplementary Fig. 3a, b, ¢). To identify somatic mutations in microsatellites, we
126  require reads that completely cover target microsatellites. The length of reads is about
127  100bp, therefore, longer microsatellites have fewer reads covering them compared to
128  shorter microsatellites, and thus have a lower sensitivity (Supplementary Fig. 3d). Based
129  on the analysis, L was set to -8 for cancer samples and -1 for matched normal samples.
130
131 Analysis of indels in the microsatellite regions in pan-cancer samples
132  We analyzed the whole genome sequence data of 2,917 pan-cancer samples (21) with our
133  method and compared them against somatic and germline variants detected by the Pan-
134  Cancer Analysis of Whole Genomes (PCAWG) project (22). To compare our results with
135  somatic consensus indels from the four PCAWG indel callings, we gathered indels
136  located +5bp in the microsatellite regions in the PCAWG calls. On average, 1826.5 indels
137  were detected by our indel caller (MIMcall) in the microsatellite regions. Of these, 1185.1
138  were found only by MIMcall (Supplementary Fig. 4a), suggesting a higher sensitivity
139  of our indel calls compared to the other PCAWG callers for microsatellite regions.
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140 PCAWG calls removed repetitive regions to achieve highly accurate mutation calling,
141 therefore our result can complement the PCAWG calls. We then compared the number
142 of indels in the microsatellite regions between our indel caller and PCAWG callers. In
143  the microsatellite regions, the number of indels uniquely identified by our indel caller
144  was significantly correlated with that of commonly identified indels (identified by = two
145  PCAWG callers) (Pearson's product moment correlation coefficient; r = 0.90, p-value <
146 10) (Supplementary Fig. 4b). We further performed experimental validation with
147  Japanese liver cancer samples for the mutation candidates in longer microsatellites by
148  capillary electrophoresis (Supplementary Fig. 5). The false discovery rate of our method
149  was estimated to be 7% (2/29) (Supplementary Fig. 5). These results indicate that
150  MIMcall can identify indels in the microsatellite region effectively.

151 Microsatellites covered by = 15 reads in = 2,500 samples (7,650,128
152  microsatellites) were subjected to further analysis, and samples with = 6,000,000 testable
153  microsatellites were used for the analysis (2,717 samples) (Supplementary Table 3). On
154  average, 7,407,000 microsatellites were analyzed in each sample. We compared the
185  proportion of mutated samples for each microsatellite. Most of the microsatellites in
156  whole genomes were not mutated in the pan-cancer samples (Fig. 1a), we therefore
1567  selected 198,578 microsatellites with proportions of mutated samples = 0.001 (more than
158  2-3 mutated samples in the pan-cancer samples) and considered them as informative
159  microsatellites. The proportions of mutated samples were different among the types and
160  lengths of microsatellite, with A/T microsatellites more frequently mutated than other
161  types (Fig. 1b). The proportions of mutated microsatellites were significantly lower in
162  exonic and intronic regions, but higher in non-genic regions (Supplementary Fig. 6).
163  Microsatellites in CDS (coding sequence) regions would evolve to be more stable to avoid
164  mutations and this would cause lower mutation rates in the CDS regions. Lower mutation
165  rates in intronic regions suggests the influence of transcription-coupled repair.

166 We next defined samples with proportions of mutated microsatellites = 0.03 as
167  microsatellite instability (MSI) samples (n=31) in genome-wide level (Fig. 1c), and
168  others as microsatellite stable (MSS) samples. As expected, colorectal (CR), uterus (UT),
169  and stomach (ST) cancers had a larger number of MSI samples, but MSI was also
170  observed in a minority of samples for liver (LI), pancreas (PA), ovary (OV), kidney (K1),
171 and skin (SK) cancers (Fig. 1c¢). The proportions of MSI samples were 11.9% for
172 colorectal (7/59,95% C.1.4.9%-22.9%),7.7% for stomach (6/78,95% C.1.2.8%-16.0%)
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173 and 22.0% for uterine (11/50,95% C.I. 11.5%-36.0%) cancers, which are consistent with
174  previous studies (23-25). We additionally analyzed Bethesda markers, which is a
175  conventional marker set for MSI definition. However, the number of sequence reads that
176  mapped to these regions was quite small and we could not analyze their mutation in most
177  of the WGS (Supplementary Fig. 7).

178 The mutation pattern of microsatellites was different between the MSI and MSS
179  samples. In the MSI samples, deletions were more predominant compared to insertions
180  (Fig. 1d and 1e). We compared the proportion of mutated microsatellites, the number of
181  somatic SNVs, and somatic indels (Fig. 1f and 1g). Although the numbers of SNVs were
182  not strongly correlated with the proportion of mutated microsatellites (r = 0.19), the
183  number of somatic indels were clearly correlated (r = 0.97) (Fig. 1f and 1g), suggesting
184  that microsatellite and non-microsatellite indels are affected by common mechanisms of
185  mutation and repair, and that the analysis of microsatellites can predict samples with large
186  number of non-microsatellite indels.

187

188  Mutability of microsatellite

189  Recent studies have suggested that epigenetic factors, such as DNA structures, and
190  sequence motif, influence the mutation rate (8, 9, 26, 27). However, little is known about
191 factors that influence the mutability of microsatellites. We first analyzed the replication
192  timings and microsatellite mutation rates (proportion of mutated samples for a
193  microsatellite) (Fig. 2a-d). The late-replicating regions had lower mutation rates for
194  insertions and deletions in MSS samples and insertions in MSI samples (Fig. 2abc).
195  However, an inverse pattern was observed for deletions of the MSI samples; the early
196  replicating regions had higher mutation rates (Fig. 2d).

197 For a more detailed analysis, we performed multiple regression. In our analysis,
198  the majority of mutated microsatellites were A/T mononucleotide repeat as previously
199  reported, suggesting that the fragility is primarily determined by the base composition
200 (20) (Fig. 1b). Therefore, to find other factors that associate with the mutation rate of
201  microsatellites, we selected 1,000 highly mutated A/T microsatellites of 10-30bp length
202  in the reference genome, and analyzed them for deletions and insertions in the MSS and
203  MSI samples. We considered replication timing, nuclear lamina binding region, G-
204  quadruplexes, and predicted DNA shapes. Nuclear lamina binding regions are known to
205  be associated with genomic fragile sites (26), while G-quadruplexes can cause replication
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206  errors (27). The impact of DNA shapes is not well known, but one DNA shape parameter
207  (ORChID2) has been reported to be associated with mutation rate of somatic indels (9).
208  Multiple regression analyses for these factors showed that the length of microsatellite,
209  replication timing, and several DNA shapes were significantly associated with the
210  mutation rate of microsatellites (Supplementary Table 4).

211 The predicted DNA shapes of the flanking sequences were significantly
212 associated with the proportion of mutated samples (Fig 2e-h and Supplementary Table
213 4).Several DNA shape features such as ORChID2 (OH Radical Cleavage Intensity), HelT
214 (Helix Twist), Opening, MGW (Minor Groove Width), Rise, ProT (Propeller Twist), Roll,
215  and Slide, were significantly associated with the prevalence of insertions and deletions in
216  microsatellite regions (Fig 2e-h, Supplementary Fig. 8, Supplementary Table 4). The
217  nuclear lamina binding region and G-quadruplexes were not significantly associated
218  (Supplementary Table 4). The adjusted R* values of the multiple regression analysis
219  were 0.25 in the deletions of MSI, 0.14 in the insertions of MSI, 0.28 in the deletions of
220  MSS and 0.29 in the insertions of MSS (Supplementary Table 4).

221 Microsatellites are highly polymorphic and have also been used as genetic
222  makers for population genetics studies (10). To evaluate the genetic polymorphism, we
223  estimated the heterozygosity of each microsatellite locus in normal tissues. The
224  proportion of mutated samples in cancers and the heterozygosity in normal tissues was
225  significantly correlated (Pearson's product moment correlation coefficient; » = 0.31, P-
226  value < 10+) (Fig 2i), indicating that genetic variations and somatic mutations are
227  influenced by the same factors.

228

229  Highly-mutated microsatellites

230  We compared mutability of each microsatellite between the MSI and MSS samples, and
231  selected the top 20 highly-mutated microsatellites with the highest mutation rates
232  (proportion of mutated samples for a microsatellite) (Supplementary Table 5). We
233  performed a clustering analysis with these microsatellite markers, and confirmed that they
234  perfectly distinguished the MSI and MSS samples in the CR, UT and ST cancers (Fig 3a-
235  c¢). Although the efficiency of these markers should be evaluated by an independent and
236  larger cohort, we consider that they have a technical advantage over known MSI markers
237  in availability in whole genome sequencing and combinations of the markers can be used

238  as a new marker set.
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239

240  Genes with large number of mutated microsatellites

241 To find genes with high mutation rates (proportion of mutated samples), we tested the
242  total number of indels in microsatellites for each gene across the 21 tumor types. We
243  counted the number of mutated microsatellites and the total number of analyzed
244  microsatellites for each gene, and identified genes with larger numbers of mutated
245  microsatellites compared to others. After adjusting for multiple testing, 1,134 genes had
246  significantly larger numbers of mutated microsatellites for at least one tissue (g-value <
247  0.01) (Supplementary Table 6). Of these genes, ALB, which is known to be highly
248  expressed in liver, showed the largest number of mutated microsatellite (Fisher’s exact
249  test; g-value = 6.5x10+, odds ratio = 65.1) in liver cancer (LI) (Supplementary Fig. 9).
250 A previous study suggested that some cell linage-specific highly-expressed genes,
251  including ALB in liver, had recurrent short indels (28). This result is consistent with the
252  previous study, and strong DNA damage in cell linage-specific highly-expressed genes
253  would influence mutation rate of microsatellites (Supplementary Table 6).

254

255  Recurrently mutated microsatellites in the coding region

256  To compare recurrently mutated microsatellites in the coding regions between MSS and
257  MSI samples, we calculated the proportion of mutated samples for each microsatellite in
258  coding regions (Fig 4, Supplementary Table 7). Microsatellites or repeat sequences in
259  ACVR2A and TGFBR?2, which have been reported to be frequently mutated in MSI tumors
260 (13, 14,20), were recurrently mutated in 60% and 47% of the MSI samples, respectively.
261 In addition, microsatellites in ASTE 1, KIAA2018, LINI and CDH26 were also mutated in
262  more than 50% of the MSI samples. Mutations in microsatellites in Cosmic Cancer Genes
263 (MSH6, JAKI, BLM, IL7R, and CSF3R) were identified as MSI specific mutations. Of
264  these, indels in MSH6, which is a mismatch repair gene, is likely to cause the MSI
265  phenotype (11). Mutations in JAK/ in MSI cancers were reported to associate with tumor
266  immune evasion (29). In the MSS samples, microsatellites or repeat sequences in APC
267 and TCF12 were mutated only in MSS samples, suggesting that these mutations cause
268  cancer without genomic instability.

269 Although many of the recurrently mutated coding microsatellites have been
270  reported by whole genome or exome sequencing studies (Supplementary Table 7) (13,
271 14, 20, 30), our analysis identified new genes with recurrently mutated microsatellites.
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272 Of these, the GINSI gene encodes a subunit of DNA replication complex (31). MBD4 has
273  been reported to contribute to tumorigenesis and work as a modifier of MMR-deficient
274  cancer (32). BLM is included in the Cosmic Cancer Gene database and has functions in
275  DNA replication and DNA double-strand break repair (33). These results suggest that
276  mutations in microsatellites can work as driver events.
2717
278  Mutation in mismatch repair (MMR) and proof-reading genes
279  We analyzed the association between the proportion of mutated microsatellites, and
280  somatic and germline variants of eight DNA repair genes (MLHI, MLH3, MSH2, MSH3,
281 MSH6, PMS2, POLE and POLD]). First, we focused on stop gain, splice site, nonsense
282  mutations, and gene-disrupting structural variations in tumor and matched normal
283  samples (Fig Sa-d). Two samples in CR and UT had a loss of function germline mutations
284  inthe MSH2 or PSM?2 gene, suggesting that Lynch syndrome could cause cancers in these
285  patients (Fig 5a and 5c) (11). The number of samples with somatic SNVs and indels in
286  these genes were significantly enriched in the MSI samples (Fisher’s exact test CR; P-
287  value = 2.0x10+, Odds ratio = 10.6, ST; P-value = 1.2x10+, Odds ratio = 49.0, UT; P-
288  value = 1.4x10-, Odds ratio = 40.6), while those with germline variants and structural
289  variations (SVs) were not significantly enriched. These results suggest that most of the
290  MSI phenotypes in cancer were mainly caused by somatic short indels or somatic SNVs.
291  Germline SVs of PMS2 were frequently observed in MSS tumors, indicating that PMS2
292  could have a lower impact on DNA mismatch repair deficiency or MSI (34).
293 Most MSI samples had larger numbers of somatic SNVs (Fig. 1c¢), due to
294  functional deficiency of MMR genes. However, 40 MSS samples had larger numbers of
295  somatic SNVs than the average number of SN'Vs in the MSI samples (151,816.6 SNVs).
296  Of these, 8 had somatic missense mutation in the exonuclease domain of POLE (residues
297  268-471) (35) (Supplementary Fig. 10, Supplementary Table 8), suggesting that
298  exonuclease domain mutations of POLE were associated with a large number of SNVs in
299  MSS, not MSI.
300
301  Association with somatic mutational signatures in PCAWG
302  We compared mutational signatures found in single base substitution (SBS), doublet base
303  substitution (DBS), as well as insertions and deletions (ID) between the MSI and MSS
304  samples (Fig 6a-c, Supplementary Fig. 11, Supplementary Table 9). The PACWG
10
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305  signature analysis detected 49 SBS, 11 DBS, and 17 ID signatures (36). We compared
306  the fraction of each mutational signature between MSI and MSS samples in CR
307  (Colon/Rectum), ST (Stomach), and UT (Uterus), and found that six SBS signatures
308 (SBS5, SBS15, SBS20, SBS21, SBS26 and SBS44), one ID signature (ID2), and four
309  DBS signatures (DBS3, DBS7, DBS8 and DBS10) were significantly different among
310  the MSI and MSS samples in at least one cancer type (Wilcoxon signed-rank test, g-value
311 < 0.05). Except for DBS3 and DBSS8, most of these mutational signatures have been
312 reported to be associated with tumors having defective DNA mismatch repair (36). We
313  found DBS3 and DBSS8 to be associated with MSI. DBS3 was also associated with the
314 mutations in exonuclease domain of POLE in the current study (Wilcoxon signed-rank
315  test, g-value < 0.05) (Supplementary Table 10), and no etiology has been proposed for
316  DBS8, which was observed in ES (Esophagus adenocarcinoma) and CR (36). In the ID
317  signatures, the fraction of ID2 (A/T deletion) was significantly different between MSI
318 and MSS in CR, ST, and UT, which is consistent with an excess of A/T indels in the
319  microsatellite regions (Fig.1b).
320
321  Neo-antigen load from the microsatellite or repeat coding regions
322  MSI cancers are known to show specific immune reactions such as Crohn-like reaction
323  and diffused infiltration of lymphocytes in pathology (37), and PD-1 inhibiting immune
324  therapy is a highly effective treatment for all types of tumors showing MSI (12). Its
325  specific immune-reaction should be related to neo-antigen burden, and we thus calculated
326  the neo-antigen burdens of MSI and MSS tumors by using somatic mutations and HLA
327  genotypes, taking into account neo-peptides generated from indel or frameshift mutations
328  of the coding microsatellites. The number of predicted neo-antigens in MSI tumors
329  (median, 393) was significantly higher than MSS tumors (median, 11; P-value = 5.9x10:
330 ) (Supplementary Fig. 12), which is consistent with the mutational burden. Interestingly,
331 while 95% of neo-antigens were derived from SNVs in MSS tumors, in MSI tumors, 51%
332 of the predicted neo-antigens were derived from short indels and 5% were derived from
333  indels of the microsatellites.
334
335  Discussion
336  Due to the clinical importance of MSI phenotypes, exome sequencing and small-scale
337  WGS studies were performed for the MSI samples (13, 14, 20, 30). These studies
11
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338  identified recurrently mutated microsatellites and driver genes mainly located in coding
339  regions, as well as created an algorithm to find MSI with smaller number of microsatellite
340  sets. However, detailed analysis for factors that influence mutation rate and validation of
341  the selected microsatellite marker sets in independent cohorts was limited. Here, we
342  performed an analysis of microsatellite mutations in the largest whole genome sequencing
343  cohort with the largest number of microsatellites to date, so as to characterize
344  microsatellite mutations and MSI tumors at the genome-wide level.

345 To identify microsatellite regions in the human genome, we used results from
346  three software (Tandem repeat finder, MS detector, and MISA) (16-18). After filtering,
347  we obtained 9,292,677 microsatellites in the genome for analysis. Among the methods
348  for detecting microsatellites, the MISA software identified the largest number of
349  microsatellites (17). Although most of them were short and may not be considered as
350  microsatellites by the other two methods, they contained highly-mutated repeat regions.
351 It has been reported that the rate of mutation of longer microsatellites is higher than that
352  of shorter microsatellites (38). However, current short-reads sequencing technologies are
353  unable to analyze longer microsatellites. Indeed, we could not obtain sufficient number
354  of reads for Bethesda markers (Supplementary Fig. 7). We therefore decided to prioritize
355  shorter repeats as the main targets for the current WGS study. Alternatively, in this study,
356  we detected highly-mutated short microsatellites (Supplementary Table 5) and they
357  could be useful for clinical diagnosis of MSI with current short read technologies.

358 The analysis of WGS and the validation study in an independent cohort found
359 20 novel microsatellite markers (Fig. 3), which can be used to predict tumors with high
360  mutational burden. However, the mutation rate of microsatellite was highly correlated
361  with the total number of indels, but not strongly correlated with the total number of SNVs
362  (Fig. 1cfg), indicating that samples with larger numbers of SNVs can be found in MSS
363  samples. As the analysis of neo-antigens showed that SNVs can also produce a larger
364  number of neo-antigens (Supplementary Fig. 11), identification of these samples is also
365  important for diagnosis. The analysis of MSS samples with a larger number of SNVs
366  showed that mutations in the exonuclease domain of POLE can partly explain the high
367  mutation rate of SN'Vs, instead of indels and microsatellites (Supplementary Fig. 10).
368  Therefore, analysis of mutations in the POLE gene in MSS samples can identify more

369  tumors with high mutational burdens (39).
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370 Our WGS analysis found high rates of short deletions in the microsatellites of
371 both MSI and MSS samples (Fig. 1de). The excess of deletion events was also observed
372  in previous studies (20). Therefore, the excess of short deletions should not be due to a
373  bias of our mutation calling method, and can be considered as a common feature of
374  cancers. A microsatellite mutation model suggests that deletions are generated by a
375  misalignment loop in the template strand, and insertions subsequently generated in the
376  nascent strand (10). During the DNA replication of cancer cells, template strands could
377  exist as single strands for a longer period compared to nascent strands, resulting in a
378  higher chance to generate misaligned loop structures, which would induce larger numbers
379  of deletions.
380 The analysis of replication timing showed a different pattern between deletions
381 in MSI and others (Fig. 2a-d, Supplementary Table 4). As observed in the SNVs,
382  replication timing and mutation rate were positively correlated with the insertions and
383  deletions of MSS samples, as well as insertions of MSI samples (Fig. 2a-d). It is
384  suggested that early replicating regions are more accessible for DNA repair machineries,
385  resulting in more chances for repair (8). However, deletions in microsatellites were
386  enriched in the early replicating regions of MSI samples (Fig. 2d). A recent exome
387  sequencing study also reported the inverse correlation between the microsatellite indels
388  and replication timing in MSI tumors (20). Since MSI tumors should have defects in their
389  DNA mismatch repair machinery, this result would reflect the pattern of mutation without
390 DNA mismatch repair. In early replication, template strands may exist as single strands
391  for a longer period, facilitating the occurrence of deletions.
392 In addition to replication timing, DNA shape parameters were also associated
393  with the mutation rate of microsatellites. Microsatellites with lower HelT (Helix twist),
394  higher ProT (Propeller twist), higher Roll, and higher Slide had higher insertion rates (Fig.
395  2e-h, Supplementary Fig. 8). Microsatellites with higher HelT, higher Opening, higher
396  ProT, higher Roll, and lower Slide had higher deletion rates (Fig. 2e-h, Supplementary
397  Fig. 8). Since DNA shapes were associated in both the MSI and the MSS tumors, they
398  would affect the fragility of DNA strand, and mainly influence the mutation generation
399  instead of the repair process.
400 In the present study, we considered that the mutation rate of microsatellites is
401  mainly influenced by the following; fragility of DNA sequences (length and unit type of
402  microsatellite, and DNA shape) (Fig. 1b, Fig. 2e-h), activity of DNA repair machinery
13
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403  (mutations or activities in mismatch repair machinery genes) (Fig. 5), DNA damage
404  against cell linage-specific highly-expressed genes (Supplementary Fig. 10,
405 Supplementary Table 6), and accessibility of DNA repair machinery (DNA replication
406 timing) (Fig. 2a-d). Furthermore, since the mutation rate in cancer was correlated with
407  the heterozygosity of germline variations, these factors would also affect the mutation
408 rate in germline variations (Fig. 2i).

409 The current study analyzed somatic indels in microsatellite regions in the
410  largest WGS cohort to date. We found a microsatellite marker set to detect MSI, factors
411  that influence the mutation rate of microsatellite, genes with recurrently mutated
412  microsatellites, and the influence of somatic mutations in MMR and proof-reading genes
413  have on MSI. Our analysis provides a mutational landscape of microsatellites in cancer
414  samples for future clinical applications.
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445  Materials and Methods
446  Samples and data
447  Whole genome sequencing data was obtained by the International Cancer Genome
448  Consortium (ICGC) pan-cancer project (15). The list of analyzed samples is shown in the
449  Supplementary Table 1 and 3. Datasets of somatic point mutations, short indels,
450  structural variants (SVs), and copy number alterations were generated as part of the Pan-
451  Cancer Analysis of Whole Genomes (PCAWG) project (21, 22). Overall, 2,834 samples
452  with whole genome data are represented in the PCAWG datasets, spanning a range of
453  cancer types (bladder, sarcoma, breast, liver-biliary, cervix, leukemia, colorectal,
454  lymphoma, prostate, esophagus, stomach, central nervous system, head/neck, kidney,
455 lung, melanoma, ovary, pancreas, thyroid, and uterus). The consensus somatic SNVs and
456  short indels in PCAWG samples were determined using different algorithms; calls made
457 by at least two algorithms were used in downstream analyses (22).
458
459  Definition of microsatellite region for the analysis
460 We determined microsatellite regions using MsDetector, Tandem Repeat Finder and
461  MISA software (16-18). Microsatellite regions defined by the Tandem Repeat Finder
462  were obtained from the UCSC database (16). Identification of microsatellite with MISA
463  was done by (unit size) = 1 to 5, (minimum number of repeats) = 5 and (max difference
464  between 2 microsatellites) = 10. Since these three methods used different algorithms to
465  define microsatellites, we first defined the repeat unit of each microsatellite. We divided
466  each region by different lengths (1-6bps), and calculated the entropy of the character
467  string. The length with the lowest entropy was selected as the unit length of each
468  microsatellite region. For the analysis of the microsatellite, we filtered microsatellite
469  regions according to the following criteria; (1) the proportion of the most frequent unit =
470 0.8, (2) distance between closest neighboring microsatellite > 30bp, (3) if the
471  microsatellite regions were detected by 2 or more methods, we selected the longest one
472  and discarded others, and (4) upstream and downstream flaking sequences (100bp) of
473  each microsatellite were mapped against human reference genome (GRCh37) by blat
474  software (40) with the options of -stepSize=5 and -repMatch=2253, and microsatellites
475  that had = 90bp of flanking sequences mapped to different positions were removed. As a
476  result of this selection procedure, 8,817,054 autosomal microsatellites remained and were
477  used for the subsequent analyses (Supplementary Fig. 1).
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478

479  Error rate estimation of each repeat unit

480  To identify somatic indels in the microsatellite regions, we first estimated the error rate
481  of the different types of repeat units. The type of microsatellites was defined by length of
482  microsatellite region in the reference genome and repeat unit. Microsatellites were
483  categorized by length (6-9, 10-19, 20-29, 30-39, and 40-100bp) and repeat unit and error
484  rates were estimated for each category (see Supplementary Table 2). For this purpose,
485 we used data from chromosome X of 32 male normal samples, because chrX is
486  homozygotic and error rates can be estimated without the influence of heterozygous
487  polymorphisms (19, 20). The estimated error rates are shown in Supplementary Fig. 2.
488

489  Identification of change of repeat unit from whole genome sequence

490  Microsatellites are repeat sequences and mapping errors can influence the accuracy of
491  detection. To remove possible mapping errors, we removed improper pairs and reads with
492  low mapping quality (< 30), as well as reads with large (> 550bp) or small (< 100bp) read
493  pair distance.

494 We counted the number of repeat units in each microsatellite region. We then
495  determined the genotype of the matched normal tissues and detected somatic indels by
496  comparing the genotype of the normal and cancer samples. To distinguish the mutation
497  or variation from sequencing errors, we incorporated the binomial distribution with the
498  estimated error rates (Supplementary Fig. 2) and calculated a likelihood for each variant
499  candidate.

500 For normal samples, we calculated the likelihood for the second most frequent
501  number of repeat (Supplementary Fig. 2).

502 Li =)@ @ —p)™,

503  where n is the total number of reads that cover the microsatellite, r is the number of reads
9504  containing ith repeat, and p, is the estimated error rate of the ith repeat. If the likelihood
905 is lower than a threshold value, the genotype was assumed to be heterozygous for the
9506  major repeat and second major repeat. We next calculated the likelihood for the number
907  of repeats in the cancer. If the likelihood of the non-germline repeat was lower than a
508 threshold value, we defined the repeat as a somatic indel candidate.

509 To find the appropriate likelihood threshold values, we applied this algorithm
510  on data from other male chrX. Based on the estimated false positive and negative rates,
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9511 we set -1 and -8 for germline genotyping and somatic mutation calling (Supplementary
912  Fig. 3) respectively. Based on the comparison, we set L=-8 for tumor, and L=-1 for
513  matched normal samples. We selected microsatellites that were covered by = 15 reads in
514 both the cancer and matched normal samples. Additionally, we selected somatic indels
515  with variant allele frequencies in cancer = 0.15 and number of support reads in cancer =
916 2 and <1 in normal samples.

917

918  Estimation of false discovery rate

519  We randomly selected 29 somatic MS mutations detected in liver cancer samples RK001,
520 RK249 and RK308 and performed validation with a previously reported method (41).
521  Amplicons were analyzed using the ABI PRISM ® 3100 Genetic Analyzer (Applied
922  Biosystems), and GeneMapper software (Applied Biosystems). Validation for the
923  selected microsatellites was also performed using the Sanger sequencing method
524  (Supplementary Fig. S).

525

926  Selection of highly-mutated MSs

927  To select microsatellites, we compared the number of mutated samples in microsatellite
528  instability (MSI) and microsatellite stable (MSS) samples for each microsatellite using
529  Fisher’s exact test. Nine microsatellites with odds ratio ((number of mutated samples in
530  the MSI)/ (number of un-mutated samples in the MSI)/ (number of mutated samples in
531  the MSS)/ (number of un-mutated samples in the MSS)) = 500 and proportion of the
532  mutated samples in the MSI samples > 0.8 were selected and genotyped in the additional
933  samples. Three microsatellites were selected from highly-mutated microsatellites in the
934  MSI samples. Ten microsatellites were selected from recurrently mutated coding
935  microsatellites.

536

937  Threshold determination for MSI

538  Since the mutation status of conventional MSI markers could not be obtained (see
539  Supplementary Fig. 7), we needed to determine the threshold value to select MSI. We
940 first excluded colorectal, stomach and uterus cancers (n=186) from all samples (n=2717).
941  We assumed that the other cancers contained negligible number of MSI samples. We then
942  calculated the average and standard deviation of the mutation rates. We also assumed that
943  the distribution of the mutation rates follows a normal distribution with the obtained
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944  average and standard deviation. The 99.99th percentile of the normal distribution was
945 0.0254. Therefore, we adapted 0.03 (slightly conservative value from the 99.99th
946  percentile) for the criteria for MSI in genome-wide level, and 31 samples were defined
947  as MSI in this study. No colorectal, stomach or uterus cancers were used to determine the
948  threshold value, however, the value still gave a reasonable grouping for colorectal,
549  stomach and uterus cancers (please see the Fig. 1 (b)).
550
951  Comparison of mutational signatures between the MSS and MSI
952  Mutational signatures and their proportions were obtained from the result of the
953 PCAWAG signature working group (36). The proportion of each signature was compared
954  between MSI and MSS samples in CR, UT, and ST with the Wilcoxon signed-rank test.
995  Multiple testing adjustment was done using Benjamini and Hochberg’s FDR method (42).
956
987  Identification of genes with recurrently mutated microsatellites
958  To identify highly-mutated genes, we compared the mutation rate of microsatellites in
959  each gene. We compared the total number of analyzed microsatellites and total number
9560  of mutated microsatellites in introns and exons in each gene. We also counted the total
9561  number of analyzed microsatellites and total number of mutated microsatellites in the
962  entire genome in MSS samples for each cancer type; (total number of mutated
9563  microsatellites in gene 7 in all MSS samples in cancer j)/(total number of un-mutated
9564  microsatellite in gene 7 in all MSS samples in cancer j) and (total number of mutated
9565  microsatellite in entire genome in all MSS samples in cancer j)/(total number of un-
966  mutated microsatellite in entire genome 7 in all MSS samples in cancer j) and these were
967  compared with Fisher’s exact test. Multiple testing adjustment was done using Benjamini
568  and Hochberg’s FDR method (42), and from this analysis, we could obtain genes with
569  larger numbers of mutated microsatellites compared to the entire genome.
570
971 Analysis of epigenetic factors on mutability of microsatellite
972  To find the factors that influence the mutability of microsatellites, we considered
973  replication timing, nuclear lamina binding region, G-quadruplexes, and predicted DNA
974  shapes (See URLs section). For the replication timing, we downloaded data of HepG2,
92715 K562, MCF-7,SK-N-SH, and GM12878 cells. We averaged the replication timing within
976  1Mbp bins for each cell line and bins with standard deviation < 15 were used for the
19


https://doi.org/10.1101/406975
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/406975; this version posted February 22, 2019. The copyright holder for this preprint (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 made
available under aCC-BY-NC-ND 4.0 International license.

977  analysis. Presence or absence of nuclear lamina binding region and G-quadruplexes
578  within £1000bp from the start and end of microsatellites were examined. The predicted
579  DNA shapes (Buckle, HelT, minor groove width (MGW), ORChID2, Opening, ProT,
580  Rise, Roll, Shear, Shift, Slide, Stagger, Stretch and Tilt) of +5bp from the start and end
981  of each microsatellite were used for the analysis. We performed a multiple regression
582  analysis of the parameters with Im function of R software, and parameter selection was
583  done with step() function.

584

985  Prediction of neo-antigens

986  HLA genotyping from WGS data were generated as part of the PCAWG project. Somatic
587  point mutations, non-MS indels detected by the PCAWG project, and MS indels detected
588 by our method were combined and annotated using ANNOVAR. Mutant peptides of
589  length 8-11 residues were assessed for their binding affinity (IC,) to the HLA class I of
990  matched patients using NetMHCpan-3.0 (43). Mutant peptides of IC,, < 50 nM were
991  predicted as neo-antigens.

592
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9593 FIGURE LEGENDS
594
595  Figurel. Pattern of somatic indels in microsatellite regions.
596  (a) Mutation rate of each microsatellite. 7,650,128 microsatellites were sorted by the
997  proportion of mutated samples. The red box indicates informative microsatellites defined
9598 in this study (proportion of mutated samples = 0.001). (b) Mutation rate among different
999  microsatellites. (¢) Comparison of mutation rate of microsatellites, number of somatic
600  SNVs and indels in different types of cancer. MSI samples are shown in red. (d-e) Pattern
601  of insertions (positive change in repeat length in x-axis) and deletions (negative change
602  in repeat length in x-axis) in microsatellites between the MSI (d) and MSS samples (e).
603  Correlation between the mutation rate of microsatellites and the number of somatic SNVs.
604  Pearson's product-moment correlation; r = 0.19, p-value = 1.6x10=. MSI samples are
605  shown in red. (f) Correlation between the mutation rate of microsatellites and the number
606 of somatic indels. Pearson's product-moment correlation; r = 0.97, p-value < 1.0x10.
607  MSI samples are shown in red.
608
609  Figure 2. Analysis of mutation rate of each microsatellite. The mutation rate of 198,578
610 informative microsatellites was analyzed. (a-d) Association of replication timing with
611  insertion and deletion rates. The edges of the boxes represent the 25th and 75th percentile
612  values. The whiskers represent the most extreme data points, which are no more than 1.5
613  times the interquartile range from the boxes. (a) Insertions in MSS samples (y’ test; p-
614  value < 1x10~), (b) Insertions in MSI samples () test; p-value < 1x10"), (¢) Deletions
615  in MSS samples (y test; p-value < 1x10~), (d) Deletions in MSI samples (y’ test; p-value
616 < 1x10~). (e-h) Association of DNA shape with mutation rate. Top 1000 A/T
617  microsatellites with 10-30bp length were used for the analysis. The microsatellites were
618 divided into the three categories based on the mutation rate. (e) HelT (Helix twist) of
619  insertions in MSS samples. (f) ORChID2 (the -OH Radical Cleavage Intensity) of
620 insertions in MSS samples, (g) ProT (Propeller Twist) of deletions in MSI samples, (h)
621  Slide of deletions in MSI samples. In this figure, we divided the microsatellites with
622  mutation rates (0-0.001, 0.001-0.003, and > 0.003 for MSS, and 0-0.4, 0.4-0.8, and > 0.8
623  for MSI), and showed the DNA shape values. The arrows show base positions with
624  significant association between the DNA shape values and mutation rates
625 (Supplementary Table 5). (i) Germline variation and somatic mutation rates of
21
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626  microsatellites. The amount of germline variation was estimated using heterozygosity of
627  normal tissues. X-axis; the proportion of mutated samples in each microsatellite (somatic
628  mutation rate). Y-axis; heterozygosity of each microsatellite. Both rates were positively
629  correlated (Pearson's product-moment correlation; r = 0.31, p-value < 1.0x10-).

630

631  Figure 3. Highly-mutated microsatellite markers. Result of clustering analysis with the
632  top 20 microsatellites. (a) CR (Colon/Rectum) cancer, (b) ST (Stomach) cancer, (¢) UT
633  (Uterus) cancer. (d) Result of validation study in the independent colon cancer cohort
634 (n=36). MSI was defined by BAT25 or BAT26 (upper panel). Twelve new microsatellite
635  markers (middle panel) were successfully amplified and analyzed for indel mutations by
636 MiSeq (Supplementary Fig. 12). Fourteen highly-mutated microsatellites or
637  homopolymers in coding regions were analyzed (lower panel). These mutations occurred
638  specifically in MSI colorectal cancers. Mutation status are shown in brown (mutated) and
639  white (WT; wild type) in the panel. Number of mutated samples in the MSI samples are
640  shown in bar plot (right).

641

642  Figure 4. Proportion of mutated samples in coding microsatellites. x-axis; proportion of
643  mutated samples in the MSI samples. y-axis; proportion of mutated samples in the MSS
644  samples. Cosmic cancer genes are shown in red.

645

646  Figure 5. Mutation in mismatch repair (MMR) and proof-reading genes. Mutated genes,
647  and mutation rate of microsatellites are shown.

648

649  Figure 6. Comparison of mutational signatures between the MSI and MSS samples. (a)
650 CR (Colon/Rectum) cancer, (b) ST (Stomach) cancer, (¢) UT (Uterus) cancer. Signatures
651  showing significant difference between the MSI and MSS samples are shown in
652  rectangles in the legends (Wilcoxon signed-rank test, g-value < 0.05).

653
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