

[image: Improved NGS-based detection of microsatellite instability using tumor-only data]
Improved NGS-based detection of microsatellite instability using tumor-only data





ORIGINAL RESEARCH

published: 17 November 2022

doi: 10.3389/fonc.2022.969238

[image: image2]


Improved NGS-based detection of microsatellite instability using tumor-only data


Ana Claudia Marques 1†, Carole Ferraro-Peyret 2,3†, Frederic Michaud 1†, Lin Song 1†, Ewan Smith 1, Guillaume Fabre 1, Adrian Willig 1, Melissa M. L. Wong 1, Xiaobin Xing 1, Chloe Chong 1, Marion Brayer 1, Tanguy Fenouil 3, Valérie Hervieu 3, Brigitte Bancel 3, Mojgan Devouassoux 4, Brigitte Balme 4, David Meyronet 3, Philippe Menu 1, Jonathan Lopez 2,5 and Zhenyu Xu 1*


1 SOPHiA GENETICS, Saint-Sulpice, Switzerland, 2 Cancer Research Centre of Lyon, INSERM 1052, Centre National de la Recherche Scientifique (CNRS) 5286, University of Lyon, Lyon, France, 3 Hospices Civils de Lyon, Biopathology of Tumours, GH Est (GHE) Hospital, Bron, France, 4 Hospices Civils de Lyon, Department of Anatomopathology, Lyon-Sud Hospital, Lyon, France, 5 Hospices Civils de Lyon, Biochemistry and Molecular Biology Department, Lyon-Sud Hospital, Lyon, France




Edited by: 

Alexandre How-Kit, Fondation Jean Dausset Centre d’Etude du Polymorphisme Humain, France

Reviewed by: 

Beifang Niu, Computer Network Information Center (CAS), China

Richard Gallon, Newcastle University, United Kingdom

*Correspondence: 

Zhenyu Xu
 zxu@sophiagenetics.com











†These authors have contributed equally to this work


Specialty section: 
 This article was submitted to Cancer Genetics, a section of the journal Frontiers in Oncology


Received: 14 June 2022

Accepted: 18 October 2022

Published: 17 November 2022

Citation:
Marques AC, Ferraro-Peyret C, Michaud F, Song L, Smith E, Fabre G, Willig A, Wong MML, Xing X, Chong C, Brayer M, Fenouil T, Hervieu V, Bancel B, Devouassoux M, Balme B, Meyronet D, Menu P, Lopez J and Xu Z (2022) Improved NGS-based detection of microsatellite instability using tumor-only data. Front. Oncol. 12:969238. doi: 10.3389/fonc.2022.969238



Microsatellite instability (MSI) is a molecular signature of mismatch repair deficiency (dMMR), a predictive marker of immune checkpoint inhibitor therapy response. Despite its recognized pan-cancer value, most methods only support detection of this signature in colorectal cancer. In addition to the tissue-specific differences that impact the sensitivity of MSI detection in other tissues, the performance of most methods is also affected by patient ethnicity, tumor content, and other sample-specific properties. These limitations are particularly important when only tumor samples are available and restrict the performance and adoption of MSI testing. Here we introduce MSIdetect, a novel solution for NGS-based MSI detection. MSIdetect models the impact of indel burden and tumor content on read coverage at a set of homopolymer regions that we found are minimally impacted by sample-specific factors. We validated MSIdetect in 139 Formalin-Fixed Paraffin-Embedded (FFPE) clinical samples from colorectal and endometrial cancer as well as other more challenging tumor types, such as glioma or sebaceous adenoma or carcinoma. Based on analysis of these samples, MSIdetect displays 100% specificity and 96.3% sensitivity. Limit of detection analysis supports that MSIdetect is sensitive even in samples with relatively low tumor content and limited microsatellite instability. Finally, the results obtained using MSIdetect in tumor-only data correlate well (R=0.988) with what is obtained using tumor-normal matched pairs, demonstrating that the solution addresses the challenges posed by MSI detection from tumor-only data. The accuracy of MSI detection by MSIdetect in different cancer types coupled with the flexibility afforded by NGS-based testing will support the adoption of MSI testing in the clinical setting and increase the number of patients identified that are likely to benefit from immune checkpoint inhibitor therapy.
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Introduction

The DNA mismatch repair (MMR) pathway safeguards the genome from base substitution and insertion-deletion (indels) during DNA replication (1). Genetic or epigenetic loss of one or more of the involved proteins results in MMR deficiency (dMMR), leading to increased mutation rates (2).

dMMR is a predictive pan-cancer marker of response to immune checkpoint inhibitor therapy (3, 4) (5). The current standard of dMMR testing is evaluating the expression of the four MMR proteins by immunohistochemistry (IHC) (6). However, IHC tests cannot be combined with other molecular diagnostics, limiting its adoption in cancer types where this molecular phenotype is rare, and false-positive and negative immunostaining results impact their accuracy. Detection of microsatellite instability (MSI), a well-established signature of dMMR (2), is a suitable alternative to IHC (6). Microsatellites (1-6 nucleotide tandem repeat motifs) are informative for dMMR status since their contraction or expansion, resulting from DNA replication errors, are normally repaired by the MMR pathway (7).

In the clinical setting, the most used method to evaluate MSI status analysis of allelic size variation in a panel of five mononucleotide repeats (homopolymers) (6, 8) is using polymerase chain reaction (PCR) followed by capillary electrophoresis. However and despite its widespread use, the analytical performance of this solution in cancers other than colorectal cancer, for which the solution was designed for (8), is relatively low (9, 10). The relatively small number of loci that can be simultaneously analyzed by PCR-based methods limits the opportunities to account for tissue of origin and other sample-specific factors. In addition, common population polymorphisms within homopolymers can reduce the sensitivity of PCR-based MSI detection methods, especially when matched normal samples are unavailable (11, 12).

Next-Generation Sequencing (NGS) based MSI detection allows the simultaneous analysis of a larger number of microsatellite regions, thus limiting the impact of sample-specific factors, including tissue of origin or population-specific variation in microsatellite length (13). In addition, NGS-based MSI analysis can be combined with other cancer-related molecular signatures and genetic lesions, facilitating the adoption of MSI clinical testing and increasing the number of patients considered for immunotherapy (14). Indeed NGS-based methods that rely on analysis of paired tumor-normal samples support accurate MSI detection across multiple tumor types (15). However, this data type is not commonly available in the clinic. Whereas NGS-based methods that leverage information from tumor-only data would circumvent this challenge, inter- and intra-tumor specific differences in the frequency and position of MSI diagnostic events (16) (17, 18) still impact their accuracy (15). For example, many MSI events are private to one sample, and frequently occurring events can be tumor-type specific (16). Additionally, microsatellite regions are often polymorphic in healthy individuals, and their sequence differs across the human population (7, 19). All these factors limit the analytical performance of methods that rely on a baseline reference distribution to determine MSI status.

To address these limitations, we developed MSIdetect, a new MSI detection method. MSIdetect uses a curve fitting algorithm, thus accounting for the impact of tumor content and indel burden on homopolymer instability. To minimize the effect of intra- and inter- tumor-specific factors, we additionally restrict our analysis to a set of ~100 homopolymer regions that we found are minimally variable between tissues and individuals. Using a large cohort of clinical samples, we demonstrate that MSIdetect can sensitively detect MSI signatures from tumor-only data in various cancer types, even in samples with limited tumor content.



Results and discussion


NGS-based detection of MSI using Whole Exome Sequencing data

MMR deficiency (dMMR) results in microsatellite contraction and expansion. To optimize detection of this signature using NGS from tumor-only data, MSI detection solutions must account for the factors that can limit their sensitivity and specificity (Figure 1A). In NGS workflows, microsatellite instability is reflected by a difference, relative to a normal reference, in the distribution of read counts supporting different microsatellite lengths. MSIdetect relies on a curve-fitting algorithm (described in Materials and Methods section) that accounts for the impact of tumor heterogeneity and the indel burden on microsatellite length distribution (Figure 1B).




Figure 1 | Factors limiting MSI detection in NGS workflow (A) Factors impacting detection of MSI in tumor-only NGS workflows (B) Schematic representation of the impact of increased indel burden (bottom panel) and tumor content (top panel) on the homopolymer length distribution measured by NGS at an illustrative homopolymer (MSI-H, red). Line color darkness correlates with decreased tumor content (top panel) or indel burden (bottom panel). Reference homopolymer length distribution for microsatellite stable is depicted in blue. Distribution of (C) Fraction of usable reads per total number of reads mapping to the homopolymer and (D) homopolymer score for homopolymers of the same length. MSI score obtained with MSIdetect using WES homopolymers for microsatellite stable (MSS) samples derived from (E) individuals of different ethnic origin and for samples from (F) different tumor types.



We used publicly available The Cancer Genome Atlas (TCGA) Whole Exome Sequencing (WES) data from 363 Colorectal Adenocarcinoma, 428 Stomach Adenocarcinoma and 492 Uterine Corpus Endometrial Carcinoma samples, with known MSI status (20), to investigate how different limiting factors (Figure 1A) might contribute to miscalls in our analytical workflows. Homopolymer length impact MSI detection by NGS in two ways. First, homopolymer length negatively correlates with the fraction of reads that span the entirety of the region, and that can be used by the algorithm to infer the region’s length stability (Figure 1C). In addition, the length distribution of relatively short homopolymers is very stable even in MSI-H samples, limiting their value to measure local instability (Figure 1D). These two factors are likely to define an optimal range of homopolymer length for MSI detection by NGS-based approaches.

In addition to indel burden and tumor content that is accounted for by the algorithm, other samples characteristics can also impact results. Specifically, homopolymers replication is error-prone (21), with MMR independent factors such as ethnicity (Figure 1E) or tissue origin (Figure 1F) impacting homopolymer length, as reflected by changes in MSIscore, in MSS samples.



Identification of homopolymers for optimal NGS-based detection of MSI

We computed the MSI score based on all homopolymers captured in the WES datasets (3602 loci (22), Supplementary Figure 1A) and assessed the concordance between MSIdetect results and pre-determined MSI status. We plotted the true-positive rate as a function of the false-negative rate obtained for the different tissues (Figure 2A). We found that MSIdetect results were highly concordant with MSI status (AUC>0.9926). When all homopolymers captured by the WES data set are considered, we observed tissue-specific differences in accuracy, with results being less accurate in Uterine Corpus Endometrial Carcinoma (AUC=0.9926), followed by Colorectal Adenocarcinoma (AUC=0.9976) and Stomach Adenocarcinoma (AUC=1.000).




Figure 2 | Properties of the MSIdetect restricted homopolymer set (A) Receiver Operating curves and corresponding Area Under the Curve (AUC) values (in the inset) for endometrial (blue), colorectal (red) and stomach (black) cancers for MSI classification by MSIdetect using WES homopolymers given the MSI status reported by TCGA. (B) Homopolymer length distribution in WES and in the restricted set. (C) Distribution of average variant population frequency observed in gnomAD for homopolymers in WES and in the restricted set with lengths ranging from 11-25 bp.



We compared the analytical performance of MSIdetect with that of two other widely used NGS-based MSI detection algorithms mSINGS (22) and MANTIS (15). These algorithms were chosen because, like MSIdetect, they rely on comparing microsatellite allele length distributions. Similar to MSIdetect, mSINGS (22) is compatible with tumor-only data, whereas MANTIS (15) relies on comparing the results obtained for a tumor sample with its matched normal sample. Like MSIdetect, the other algorithms are less accurate in endometrial cancer, followed by colorectal and stomach cancer (Supplementary Figures 1B-D). In all cancer types considered, MANTIS showed the highest overall performance with >97.4% sensitivity at 95% specificity (Table 1). We attribute the higher analytical performance of this algorithm to the limited impact of sample-specific factors (Figure 1A) on the results of approaches such as MANTIS (13, 15) that rely on comparison to matched normal samples. Between the two algorithms that rely on comparison to a set of baseline samples, MSIdetect had a slightly higher performance with >96.1% compared to >94.9% sensitivity for mSINGS at a 95% specificity.


Table 1 | Sensitivity at 95% specificity for different algorithms in endometrial, colorectal and stomach cancer using WES homopolymers.



We hypothesized that homopolymer selection could account, at least in part, for some of the limitations of MSI detection solutions that rely on NGS-based approaches, particularly those that leverage information from tumor-only data. This hypothesis is supported by evidence that the size and composition of the set of homopolymers considered impacts analytical performance (15).

To identify a set of homopolymers that would optimize MSI detection by NGS, we considered half of the samples in the pan-cancer dataset, hereafter referred to as training set, to identify homopolymers that would maximize the differences between MSI-H and MSS samples across multiple tumor types. To do so, we estimated the score at all homopolymers using MSIdetect. We defined groups of homopolymers based on whether the score in samples classified as MSI-H was higher than a fixed percentile (between 25-95%) of the maximal score observed for that homopolymer in samples classified as MSS from the same cancer type (Supplementary Table S1). Based on the MSIscore we computed for samples in the training set using the different homopolymers combinations (Supplementary Figures 2A-C) we determined the analytical performance and MSIscore variability associated with the different homopolymer sets. Based on these results (Supplementary Table S2) we concluded that the 136 homopolymers with a score in MSI-H samples higher than MSS in samples in than 80% of samples, offers optimal MSI detection relative to the other tested homopolymer sets. We hereafter refer to this homopolymer set as restricted homopolymer set.

We investigated what distinguished homopolymers in the restricted set from the remaining homopolymers captured by the WES solution. Relative to all considered homopolymers, those in the restricted set tend to be of intermediate length (median 15 bp, 11-25 bp, Figure 2B). This intermediate length is likely to facilitate read mapping and render homopolymers sensitive to dMMR dependent expansion and contraction.

In addition, we found that homopolymers in the restricted set have ~1.8x lower average population frequency amongst humans, based on gnomAD (two-tailed, Mann-Whitney test p-value<0.0002, Figure 2C) than other homopolymers of the same length (11-25 nt) which is likely to minimize the impact of population polymorphism in MSI score.

To assess the impact of implementing analysis of the restricted set on MSIdetect’s analytical performance we considered the remaining samples of the pan-cancer data set, hereafter referred to as the test set. Restricting MSIdetect analysis to the restricted set of homopolymers improves performance relative to when all homopolymers in WES are considered. Specifically, restricting the analysis to the restricted homopolymer is associated with 100% sensitivity at 95% specificity (Table 2) and an increase in AUC (>0.995) in all tested tissues (Supplementary Table S3). This difference is also reflected in a slight increase in AUC (0.9995 for restricted homopolymer set compared to 0.9926 for all homopolymers). Like MSIdetect, the performance of the other algorithms tested (Table 2; Supplementary Table S3) also improved when only the restricted homopolymer set was considered. In line with previous work (15), this observation supports the use of specific microsatellite marker, including the set identified here, can improve the analytical performance of NGS-based methods of MSI detection.


Table 2 | Sensitivity at 95% specificity for different algorithms when considering restricted homopolymer set in endometrial, colorectal and stomach cancer.



In conclusion, the increase in analytical performance associated with the combination of algorithm and restricted set homopolymer regions limits the impact of biological and technical factors on the ability to detect by NGS the differences in homopolymer length distribution caused by loss of MMR gene function, using tumor-only data.



MSIdetect is sensitive and specific in colorectal and endometrial cancer

Next, we sought to assess the analytical performance of MSIdetect in combination with the restricted homopolymer set in Formalin-Fixed Paraffin-Embedded (FFPE) clinical samples.

We first considered colorectal and endometrial cancer samples (44 and 30 samples, respectively) with MMR and MSI status defined using immunohistochemistry (IHC) and PCR (MSI-PCR) methods, respectively. The MSI and MMR status for these samples were concordant (Supplementary Table S4). We generated NGS data for homopolymers in the restricted set for these samples. We observe no overlap between the distribution of score obtained using MSIdetect for these samples dMMR/MSI-H from pMMR/MSS samples indicating the method allows distinction of. he two classes with 100% sensitivity and specificity (Figure 3A). To define the MSIscore threshold, we considered the standard deviation and the median score estimated for MSS samples (0.001 and 0.0028). We defined the thresholds for sample classification as follows: MSS samples have an MSIscore smaller than 0.005; MSI low confidence (MSI-LC) an MSIscore between 0.005 and 0.01; and MSI High confidence (MSI-H) an MSIscore higher than 0.010. These thresholds were chosen to maximize MSIdetect analytical performance. Change in the number or composition of homopolymer set considered should entail reevaluation of these thresholds (Supplementary Note 1).




Figure 3 | MSI detection in colorectal and endometrial FFPE clinical samples (A) MSIscore obtained for colorectal or endometrial cancer samples. Samples were grouped based on their respective MSI-PCR and IHC result. Each point corresponds to one sample colored by tissue of origin (refer to legend in figure) (B) MSIscore for a dilution series containing between 1 and 90% (x-axis) of DNA extracted from one MSI-H tumor DNA diluted in MSS tumor DNA in duplicates. Each point corresponds to one sample. Samples are colored according to results of MSI-PCR test (refer to legend in figure). (C) MSIscore obtained for replicate 1 and 2 for dilution series of MSI-H DNA in MSS DNA.



To investigate the impact of tumor content on MSI detection performance, we diluted (1-90%), in replicate, one MSI-H tumor DNA in MSS tumor DNA from samples with relatively high tumor content samples. As expected, the MSIscore decreased with decreasing amounts of MSI-H tumor DNA (Figure 3B). The impact on sample classification of this decrease is similar to what was seen for MSI-PCR (Figure 3B). MSIscore is highly correlated between replicates (R>0.99, p-value<2X10-8, Figure 3C), supporting the robustness of the approach. MSIdetect classified dilutions with limited MSI tumor DNA content (<2%) as MSI-LC indicating that MSIscore is sensitive to relatively low levels of homopolymer instability.



MSIdetect detects MMR deficiency in various cancers, including glioma and sebaceous adenomas and carcinomas

Next, we considered samples from tumor types where MSI detection is more challenging, including glioma. When we considered the MMR status based on IHC, the method of preference for classification of these samples, we found that MSIdetect is 100% specific and 91% sensitive (Figure 4A) when only challenging samples are included. For 2 out of the 3 dMMR samples missed by MSIdetect (Figure 4A), MSI-PCR results were also available (Supplementary Table S4). In both cases, the number of loci found to be unstable (2/5) was low and below the recommended test’s threshold for MSI classification. The remaining sample was from glioma, where MSI-PCR is not routinely performed due to the lack of sensitivity of MSI-H status detection in this tumor type.




Figure 4 | MSI detection in FFPE clinical samples (A) MSIscore obtained for dMMR or pMMR FFPE samples. Each point corresponds to one sample colored by tissue of origin (refer to legend in figure). Horizontal lines top to bottom indicates MSI-HC and MSI-LC threshold respectively (B) MSIscore obtained for glioma, sebaceoma and cholangiocarcinoma FFPE samples classified by IHC as dMMR or pMMR. Each point corresponds to one sample colored by MSI-PCR status. Horizontal lines top to bottom indicates MSI-H and MSI-LC threshold respectively. (C) MSIscore obtained for dMMR FFPE samples grouped by pairs of protein lost (x-axis) Each point corresponds to one sample colored by tissue of origin (refer to legend in figure). Horizontal lines indicate the median score for the group. (D) Histogram of the percentage of genes with detected loss of MSH2/MSH6 or MHL1/PSM2 grouped by cancer type (E) MSIscore obtained using either a global reference (y-axis) or a reference build using a matched-normal samples. Each point corresponds to one sample colored by MSI-PCR result.



In addition to glioma, MSI detection is also challenging in other tumors such as cholangiocarcinoma, urothelial or adrenal carcinoma and sebaceous adenoma or carcinoma (23–26). When we considered these 3 cancers, we found that 94% of the 18 dMMR samples from these cancer types were classified as MSI by MSI detect. This includes 2 samples classified by MSI-PCR as MSS, 1 sebaceoma and 1 cholangiocarcinoma (Figure 4B).

Differences in mutational patterns between tumor types have been proposed to account for decreased MSI detection sensitivity (27, 28). Given the relatively small number of samples were expression of only one protein in the functional heterodimer pairs MLH1/PMS2 or MSH2/MSH6 is loss (Supplementary Table S4) we grouped samples according to heterodimer loss of function.

Interestingly, dMMR samples where MLH1 or PMS2 (median MSIscore=0.090) were lost have significantly higher levels of microsatellite instability (two-tailed Mann-Whitney test p-value<0.005) than dMMR samples with loss of function in MSH2 or MSH6 (median MSIscore=0.045) (Figure 4C). Loss of MSH6 function is known to result in lower levels of microsatellite instability (29). However the relatively low number of samples where only MSH2 or MSH6 appears to be lost by IHC, that we attribute to protein regulation by dimer stabilization (30), limits our ability to assess the impact of loss of function either gene to the MSIscore observed of MHS2/MHS6 deficient tumors.

This difference in MSIscore observed between MLH1/PMS2 and MHS2/MHS6 deficient tumors explains, at least in part, the low levels of instability observed in glioma and sebaceous adenoma or carcinoma. Indeed, in these tumors, MSH2/MSH6 mutations are significantly (two-tailed Fisher’s exact test p-value<0.005) more frequent (13/18 cases) than in the rest of the cohort where MSH2/MSH6 mutations are less common (26/64 samples) (Figure 4D).

For a subset, in addition to tumor samples, non-tumor matched normal material was also available (16 samples). These samples allowed us to assess the impact of the results obtained when microsatellite instability is measured relative to a panel of normal samples (global reference) or a matched normal sample (Methods). We observed a strong correlation (R= 0.996, correlation test p-value<2.2X10-16, Figure 4E) between the MSIscore obtained using the global and match reference. The observation that the score is similar when using global or normal matched supports that the combination of algorithm and restricted homopolymer set allows overcoming some of the challenges of tumor only analysis of microsatellite regions.




Conclusion

Mismatch repair deficiency (dMMR) confers sensitivity to immune checkpoint inhibition therapy across different cancer types (3–5). However, and despite its pan-cancer value, clinical detection of this molecular signatures is often restricted to colorectal and endometrial cancer where this molecular phenotype is most common (20). This is in part because dedicated assays, analysis of protein loss of function by immunohistochemistry or of MSI by PCR, are still preferred to next generation sequencing (NGS) based methods (6) but require tumors to be matched to paired normal samples for analysis of non-colorectal cancers sample. The main advantage of NGS based methods is that they allow integration of MSI detection as part of comprehensive molecular profiling assays, supporting adoption of dMMR testing and increasing the number of patients considered for immunotherapy (19).

Here we describe MSIdetect, a NGS based solution developed to support accurate detection of MSI from tumor-only data. We identified the sample-specific and analytical factors that limit performance MSI detection by NGS. We found that when considering tumor only data, accounting for homopolymer properties, indel burden and tumor content increases sensitivity. However, algorithm improvements alone cannot account for the impact of tissue of origin and patient ethnicity when only tumor samples are available. To address this limitation, we used publicly available data to identify a set of loci that is minimally impacted by sample specific factors. Integration of these insights limits the impact of the identified confounders on the results from tumor-only data and supports performances comparable to what can be obtained when normal matched samples are available.

We investigated the accuracy of MSIdetect in a diverse cohort of clinical samples using results of IHC as ground truth. As highlighted by a recent meta-analysis the evidence supporting the value of MSI-NGS solutions in non-colorectal cancers is low, demonstrating the need for development and validation of NGS based methods that can accurately detect MSI in other cancer types (31).

We show that MSIdetect is 100% accurate in colorectal and endometrial cancer. This is despite the MSIscore being lower in endometrial relative to colorectal cancer, consistent with the previously reported (17, 18) differences in size and frequency of indels at microsatellites in these two cancer types. Tissue specific differences on the impact of loss of MMR on microsatellite instability have also been reported in other cancer types, including glioma or sebaceous adenoma or carcinoma, where MSI detection is known to be challenging (23, 24, 26, 27). When MSIdetect was used to analyze samples from these cancer types we observed a slightly lower overall accuracy (accuracy 97.8%). For 2 out of the 3 false negative samples, MSI status based on a commonly used PCR based method was also available. Both these samples were also classified by the PCR based method as MSS indicating that the impact of loss of MMR function on expansion and contraction of homopolymer is low and generally hard to detect in these cases. Interestingly, we found that dMMR in these samples is caused by loss of MSH6 alone or together with MSH2 which is associated with loss of sensitivity to detect MSI (27, 28).

In summary, we show that MSIdetect supports accurate detection of MSI signatures in different cancer types. Its adoption alone or as part of molecular profiling solutions can increase the number of patients identified that are likely to benefit from immune checkpoint inhibitor therapy, particularly in cancers where PCR based MSI detection methods were found to have limited sensitivity and in samples with low tumor content.



Materials and methods


MSI analysis of public data

Tumor-normal whole-exome sequencing data for 78, 85 and 156 MSI-H and 245, 265 and 274 MSS colorectal adenocarcinoma, stomach adenocarcinoma, and uterine endometrial carcinoma, respectively, was obtained from The Cancer Genome Atlas (TCGA). Aligned BAM files (to hg38) and associated clinical information for all the samples was downloaded from Genomic Data Commons.

We considered the coverage by sufficient quality reads and excluded from our analysis homopolymers with insufficient coverage.



Description and MSI calling using MSIdetect

MSIdetect score for sample j is calculated as the median homopolymer score, HPscore, for all homopolymers considered in the analysis. The HPscore for homopolymer i in sample j is defined as the product between the values of the parameters, p1 and p2, that maximize the fit between the read length distribution obtained for homopolymer i in sample j   with the read length distribution of homopolymer i in reference MSS sample(s), hereafter referred to as reference  , using the multiparametric function defined by equation 1.

equation 1

	

Where lmaxis the maximum homopolymer length observed in   is the homopolymer length and T is the function which transform   according to the transformation described below (equation 2):

equation 2

	

where lref is the reference length at this locus.

For a given homopolymer i, p1 is the difference between the measured height of the read distribution peak in sample j and in the reference distribution; p2 is the maximum difference observed in homopolymer length between sample j and the reference and reflects the difference in peak position in sample j relative to the reference distribution; and p3 is the width of the length distribution for homopolymer i in sample j. As depicted in Figure 1B, p1 and p2 are expected to change as function of tumor content and indel burden, respectively. The parameter p3 captures changes in homopolymer lengths distribution width between the sample and the reference distribution.

Because in MSS samples the value of either p1 or p2 will be close to 0, meaning that value taken by any of the other parameters on score, we chosen to consider only p1 and p2 in the estimation of the homopolymer score.

Reference length distribution is pre-computed from aligned sequence data for MSS or matched normal samples. Unless stated otherwise analysis of TGCA and clinical samples were done based on the comparison to a reference length distribution computed using aligned sequencing data for 10 MSS samples selected randomly from either the cancer genome atlas (TCGA) or clinical samples, respectively. As documented, in Supplementary Note 2 the set of MSS samples chosen to build the reference distribution minimally impacts MSIscore.

Only reads that are perfectly matched to the homopolymer region excluding the homopolymer region plus or minus 3 nucleotides were considered. Reads mapping to the forward and reverse strand are considered separately and  is the average of the score in both directions.



MSI calling using mSINGS

We considered 25 MSS samples from colorectal adenocarcinoma, stomach adenocarcinoma and uterine endometrial carcinoma to build the reference distribution using default parameters. Loci with no variance were excluded as recommended by the developers. MSI score was computed as described by developer’s version v.4.0.



MSI calling using MANTIS

MSI score was computed using MANTIS (version v1.0.5) and the parameters recommended in (15), (mrq = 20, mlq = 25,mlc = 20,mrr = 1) for tumor and normal matched paired samples.



Analysis of human polymorphism

We extracted variants reported in from gnomAD v2.1.1 that impact homopolymer length distribution and computed their frequency using their allele count across populations.



Characterization of clinical samples

Tissue samples from patients diagnosed for their MSI and MMR status between 2016 and 2020 in the pathology department of the Hospices Civils de Lyon (HCL, France). The properties of the clinical samples are listed in Supplementary Table S4. Non-CRC carcinomas were classified according to the World Health Organization (WHO) histopathological classifications and were reviewed independently by two pathologists for tumor classification and cellularity. MSI status was done using multiplex PCR and capillary electrophoresis-based assay PCR– based MSI test used in our laboratory was done accordingly to the instructions provided by the manufacturers (Promega Corporation, Madison, WI, USA). Two µL of DNA which concentration was adjusted to 10 ng/µL was used to co-amplify by multiplex PCR 5 mononucleotide repeat markers: BAT-25, BAT-26, NR-21, NR-24 and MONO-27, and 2 pentanucleotide repeat markers (Penta C and Penta D). The PCR products are separated by capillary electrophoresis using an Applied Biosystems® 3130 Genetic Analyzer. The output data were analyzed with GeneMapper® software (Applied Biosystems) to determine MSI status of test samples.

To investigate the mismatch repair protein (MMR) expression standard 4-µm thick FFPE tumor sections were subjected to immunohistochemistry staining (IHC) analysis using MLH1 antibody (Ab) (clone G168-728, Ventana Ab, 1/25), MSH2 Ab (clone 25D12 DBS Clinisciences, 1/25), MSH6 Ab (clone 44 BD Biosciences, 1/500) and PMS2 Ab (A16-4, Pharmingen, 1/200) on a Ventana automated staining platform (BenchMark ULTRA, Tucson, AZ, USA). Internal positive control was included in the tissue section. Loss of MMR expression was considered in case of total absence of nuclear expression by tumor cells while normal cells express the protein (32–34). All samples were from the tumor bank “Tissu-tumorotheque Est” and “Tissu-tumorotheque Sud” of the Biological Resource Centre (Centre de Ressource Biologique, CRB) of the HCL (Lyon, France).



Clinical sample preparation and sequencing

The regions corresponding to the restricted homopolymer set (136 loci) plus their neighboring genomic regions in hg19 were downloaded and DNA repeat content analyzed. After exclusion of homopolymers within repetitive regions probes of 117 homopolymers were designed and ordered.

Targeted libraries were created using capture-based enrichment technology. First, 50 ng of input FFPE extracted genomic DNA was enzymatically fragmented, end-repaired and A-tailed, followed by ligation to custom short y-shaped adapters. The ligation products were purified with AMPure beads (Beckman Coulter) and then amplified by PCR for 10 to 14 cycles (depending on the amount of input DNA) using Illumina-compatible primers with dual-indices. Amplified libraries were cleaned-up with AMPure beads (Beckman Coulter) and libraries pooled to give a total of 1.8 µg. The pools were mixed with human Cot-1 DNA (Life Technologies) and xGen Universal Blockers-TS Mix oligos (Integrated DNA Technologies) and lyophilized. Pellets were resuspended in a hybridization mixture, denatured for 10 min at 95°C and incubated for 4-16 h at 65°C in the presence of biotinylated probes (xGEN Lockdown IDT®). Probe-hybridized library fragments were captured with Dynabeads M270 Streptavidin (Invitrogen) and then washed. The captured libraries were amplified by PCR for 15 cycles and cleaned-up using AMPure beads (Beckman Coulter).

Paired end (150 base pair) reads libraries were sequenced on the Illumina Miseq or NextSeq platform (Illumina Inc., San Diego, CA, USA). Sequencing data was processed using the SOPHiA GENETICS proprietary pipelines accessible through SOPHiA GENETICS DDM platform. All samples were sequenced to approximately 1000 x coverage which is more than the estimated minimal depth required to ensure accurate distinction between MSI and MSS samples (Supplementary Note 3).



Statistical analysis

Statistical analysis and graphics were done using R.
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Supplementary Table 4 | Properties of the clinical samples used in the study.

Supplementary Figure 1 | (A) Score obtained with MSIdetect, using WES homopolymers in colorectal, stomach and endometrial cancer. Each point corresponds to one sample colored by reported MSI status (refer to legend in the figure). Receiver Operating curves and corresponding Area Under the Curve (AUC) values (in the inset) for endometrial (B), colorectal (C) and stomach (D) cancers for MSI classification by MSIdetect, mSIGNS and MANTIS using WES homopolymers given the MSI status reported by TCGA.

Supplementary Figure 2 | Distribution of the MSIscore for microsatellite instability high (MSI-H, red) and stable (MSS, blue) samples in the training set using the different homopolymers combinations in endometrial (A), colorectal (B) and Stomach (C) cancer.
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