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Abstract

Next-generation sequencing has revolutionized cancer genetics, but accurately detecting mutations 

in repetitive DNA sequences, especially mononucleotide runs, remains a challenge. This is a 

particular concern for tumors with defective mismatch repair (MMR) that accumulate strand-

slippage mutations. We developed MonoSeq to improve indel mutation detection in 

mononucleotide runs, and used MonoSeq to investigate strand-slippage mutations in endometrial 

cancers, a tumor type that has frequent loss of MMR. We performed extensive Sanger sequencing 

to validate both clonal and sub-clonal MonoSeq mutation calls. Eighty-one regions containing 

mononucleotide runs were sequenced in 542 primary endometrial cancers (223 with defective 

MMR). Our analyses revealed that the overall mutation rate in MMR-deficient tumors was 20–30-

fold higher than in MMR normal tumors. MonoSeq analysis identified several previously 

unreported mutations, including a novel hotspot in an A7 run in the terminal exon of ARID5B.The 

ARID5B indel mutations were seen in both MMR-deficient and MMR normal tumors, suggesting 

biologic selection. Analysis of tumor mRNAs revealed the presence of mutant transcripts that 

could result in translation of neopeptides. Improved detection of mononucleotide run strand-
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slippage mutations has clear implications for comprehensive mutation detection in tumors with 

defective MMR. Indel frameshift mutations and the resultant antigenic peptides could help guide 

immunotherapy strategies.
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INTRODUCTION

Accurate and comprehensive mutation detection has become increasingly important in 

cancer therapeutics with the growing emphasis on personalized medicine. Enhancing the 

ability to detect mutations present in previously “unanalyzable” genomic sequences could 

improve therapy, either through discovery of new pathways or molecules for targeted agents, 

or by identification of novel neoantigens for cancer vaccines. DNA mismatch repair (MMR)-

defective tumors in particular have shown promising responses to immunotherapies 

predicated on immune cell recognition of tumor neoantigens (Le, et al., 2015), and response 

to immune-based therapies has been directly correlated with neoantigen load (Rizvi, et al., 

2015; Snyder, et al., 2014).

Massively parallel deep sequencing has dramatically improved the ability to detect 

mutations. Sequencing low complexity DNA, however, remains a challenge (Bragg, et al., 

2013; Huse, et al., 2007; Minoche, et al., 2011). Pyrosequencing (454 Life Sciences) and 

semiconductor sequencing (Ion Torrent) approaches have well-documented limitations for 

mononucleotide run analysis, attributable to their respective sequencing chemistries (Balzer, 

et al., 2011; Van den Hoecke, et al., 2015). Reversible terminator sequencing (RTS, used by 

Illumina platforms) in principle reduces homopolymer sequencing errors by the addition of 

only a single base at a time. However, in practice accurate sequencing of longer 

homopolymers using RTS remains problematic (Erlich, et al., 2008). In fact, the Illumina 

MiSeq Reporter™ default variant caller filters any variants occurring in mononucleotide 

runs >8bp, thereby excluding a large number of loci. The inability to reliably analyze 

mononucleotide repeats limits our understanding of the mutational burden in the ~15% of 

colorectal cancer, ~30% of endometrial cancer (EC), and other tumors types with defective 

MMR. Recent estimates of strand-slippage mutations associated with defective MMR 

indicate that mononucleotides are far more mutable than di- and tri-nucleotide repeats (Kim, 

et al., 2013). Given that mononucleotides are the most frequently mutated class of repeats 

and that reliable detection of mutations in mononucleotide runs is suboptimal, it is logical to 

assume the mutational burden in tumors with defective MMR has been underestimated.

We undertook studies to investigate and improve methods of sequencing mononucleotide 

runs. Here we show MiSeq®-based RTS has a highly consistent and quantifiable 

homopolymer sequencing error rate. We designed our MonoSeq variant caller to account for 

this intrinsic error rate, and validated its performance by comparison to Sanger sequencing. 

Our preliminary estimates from sequencing 223 ECs with defective MMR as indicated by 

microsatellite instability (MSI) provide evidence that a large number of strand-slippage 
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mutations in this tumor type have not yet been discovered. Using MonoSeq we were able to 

identify a novel hotspot mutation in ARID5B (MIM# 608538) that is highly likely to be 

under cancer specific selection.

MATERIALS AND METHODS

DNA samples

The normal germline DNA samples used in this study were provided with informed consent 

(Washington University Human Research Protection Office and The Ohio State University 

IRB protocols 201106361 [legacy conversion 04–1009] and 2012C0097, respectively). The 

EC patient population and tumor specimens investigated have been previously described 

(Billingsley, et al., 2015; Walker, et al., 2015; Zighelboim, et al., 2007; Zighelboim, et al., 

2014). All 542 subjects studied were treated at Washington University School of Medicine, 

St. Louis, MO, and this study is covered under the Washington University Human Research 

Protection Office (IRB protocols 91–507 and 93–0828) and The Ohio State University IRB 

protocol 2012C0116. All tumor DNAs were prepared from high neoplastic cellularity 

(>66%) flash-frozen tissues. Results for tumor microsatellite instability (MSI) testing were 

previously reported (Novetsky, et al., 2013; Zighelboim, et al., 2007). Nine MSI-low tumors 

were included with the MSS group.

Targeted deep sequencing

Targeted deep sequencing was performed using TruSeq Custom Amplicon Assays (Illumina, 

San Diego, CA). The germline panel consisted of 456 amplicons targeting approximately 

162kb (average 355bp/amplicon), and contained 80 homopolymers 7–10bp long. The EC 

panel contained 521 amplicons targeting approximately 217kb (average 417bp/amplicon), 

with 178 homopolymers 7–11bp long. Nineteen amplicons targeted the coding exons of 

ARID5B. Libraries were prepared separately for 798 germline DNAs and 542 EEC DNAs, 

using TruSeq Custom Amplicon Kits v1.5 (Illumina, San Diego, CA). Library pools were 

made using equimolar amounts of bar-coded and amplified DNA from 71 patient samples 

per pool. Multiplexed sequencing reactions were performed with 250-base paired-end reads 

on an Illumina MiSeq®, using MiSeq reagent kits v2 (Illumina San Diego, CA). Variants 

were called using VarScan v2.3.7 (Koboldt, et al., 2009), and compiled using MuCor 

software (Kroll, et al., 2016). All variants detected in this paper were submitted to COSMIC 

public database (http://cancer.sanger.ac.uk/cosmic) and variants are reported using HGVS 

guidelines (http://www.hgvs.org/varnomen).

Sanger sequencing

Sanger sequencing was performed using 14 different sets of homopolymer-spanning primers 

to amplify DNA with Phusion high-fidelity DNA polymerase (New England Biolabs, 

Ipswich, MA). PCR products were treated with ExoSAP-IT (Affymetrix, Santa Clara, CA) 

and sequenced with ABI Prism BigDye Terminator Cycle Sequencing Kit version 3.1 

(Applied Biosystems, Waltham, MA) in the Genomics Shared Resource at the Ohio State 

University. Mutant peak height in chromatograms was quantified using Mutation Surveyor 

software (Softgenetics, State College, PA).
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Read quantification

To quantify the homopolymer length in each read at each locus, a custom hidden Markov 

model allowing up to 300bp upstream flanking sequence, an arbitrary number of the 

repeated nucleotide, and up to 300bp downstream flanking sequence was constructed for 

every locus. All reads were matched to these models over their entire length and accepted as 

relevant to a locus if they contained at most one mismatch in each of the 5bp regions 

immediately flanking the homopolymer run and at most 10 mismatches total (ignoring bases 

with quality scores <20). The length of the homopolymer in each accepted read was 

recorded directly from the resulting alignment.

Allelic distributions in non-mutant samples

The homopolymer length data from all germline samples were pooled for all monomorphic 

7–10bp homopolymer loci to obtain apparent allelic distributions at each locus. Because the 

germline panel did not target any monomorphic 11N homopolymers, five monomorphic 11N 

homopolymers from MSS EEC samples were treated in the same way to obtain the apparent 

allelic distribution in 11N homopolymers. Finally, the data for all loci of the same length k 
were pooled to obtain the reference apparent allele distributions Pi

(k) that quantify the 

probability to see a homopolymer of length i at a locus with true alleles of length k.

MonoSeq maximum likelihood model

MonoSeq variant caller is available at https://github.com/rbundschuh/MonoSeq/. For a given 

locus we define vk to be the (unknown) true fraction of alleles with k-mers. Then, the 

probability distribution at the locus can be calculated by

If we observe N reads at such a locus, they should be distributed according to a multinomial 

distribution, i.e.,

The log-likelihood of this is

The first term of this does not depend on the unknown parameters vk and can thus be 

dropped, which leaves
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to be minimized over the vk. We then minimize this numerically over all pairs of non-zero vk 

that add up to one, i.e., under the assumption that at most two alleles coexist. The VAF is 

then 1-νn where n is the wild type length of the homopolymer locus. When applying the 

model, we selected the 81 loci for analysis based on having only a single homopolymer in 

the amplicon.

RESULTS

MonoSeq: a variant caller that accounts for RTS homopolymer errors

To explore the homopolymer error rate in RTS, we analyzed data from two different 

sequencing experiments focusing on monomorphic (not polymorphic in our study 

populations) mononucleotide repeats of 7–10bp: 798 normal DNA samples and 317 

microsatellite stable (MSS) endometrioid endometrial cancers (EECs) tested were expected 

to have very few if any strand-slippage mutations. Large numbers of variants were, however, 

detected by VarScan variant caller in both sample sets, reflecting the high false positive call 

rate in mononucleotide runs (Fig. 1A). A small number of variant calls in the MSS EEC 

samples had much higher variant allele fractions (VAFs) and we confirmed that some of 

these were true positives (Fig. 1A). When variant calls were stratified by reference allele 

homopolymer length, we observed a step-wise increase in false positive call VAF, which was 

remarkably similar in the two data sets (Fig. 1A). This suggests that for a given repeat length 

the intrinsic homopolymer error rate is nearly constant. The error rate was indeed shown to 

be constant by examining the erroneous reads in every locus (Fig. 1B and Supp. Table S1). 

For example, for 8N homopolymers, 94% of reads contained the 8bp run, whereas 4% and 

2% of reads contained an erroneous 7N or 9N homopolymer, respectively (Fig. 1B, second 
row, and Supp. Table S1).

We devised a variant caller that accounts for the RTS homopolymer error rate by 

incorporating the homopolymer allelic distributions from the germline DNA samples (Fig. 

1B and Supp. Table S1) into a maximum likelihood model (see ‘Materials and Methods’ 

section). We used our caller, MonoSeq, to identify mononucleotide run strand-slippage 

mutations (indel variants) in a series of MSI+ EECs (n=223), and similarly applied MonoSeq 

to the 317 MSS EECs investigated. To test MonoSeq’s accuracy we performed a total of 458 

Sanger sequencing validations for 14 different loci, using strand-slippage mutation calls with 

a wide range of VAFs. MonoSeq’s variant calls were highly concordant with Sanger 

sequencing traces (Fig. 2). All putative clonal mutations (VAF > 0.30) tested were validated, 

and the MonoSeq VAFs showed a strong correlation with the minor peak heights of the 

Sanger traces. MonoSeq correctly assigned very low VAFs to wild-type samples (no 

evidence of mutation in Sanger traces) whereas the corresponding VarScan calls had 

comparatively higher VAFs, indicating that MonoSeq filtered false positive reads and 

improved the ability to detect sub-clonal mutations, especially in longer homopolymers (Fig. 

2).
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MSI+ tumors have a 20–30 fold increase in mononucleotide run strand-slippage mutations

To gain insight into the relative increase in strand-slippage mutations in MSI+ compared to 

MSS tumors, we examined the somatic mutations detected by MonoSeq in 71 well-covered 

(>100x) non-coding homopolymers. A total of 586 mutations were detected in the 223 MSI+ 

samples (average 2.63 mutations/sample), and 40 mutations in the 317 MSS samples 

(average 0.125 mutations/sample) (Fig. 3A). The mutations detected had a range of VAFs 

indicative of both clonal and sub-clonal mutations. There was a non-linear increase in the 

mutation rate with increasing mononucleotide run length in both the MSS and MSI+ samples 

(Fig. 3B). Of note, the increase in mutations in the MSI+ samples was approximately 20–30-

fold for all length mononucleotide runs examined (Fig. 3C).

A novel hotspot strand-slippage mutation in ARID5B

Our target panel included 10 mononucleotide runs in the coding sequences of six different 

cancer-relevant genes, five of which were identified by The Cancer Genome Atlas (TCGA) 

as significantly mutated genes in EEC (The Cancer Genome Atlas Research Network, 2013). 

Three of these genes contain mononucleotide runs that were previously reported to harbor 

strand-slippage mutations in EECs (CASP5 [MIM# 602665] (Vassileva, et al., 2004), CTCF 
[MIM# 604167] (Zighelboim, et al., 2014) and ZFHX3 [MIM# 104155] (Walker, et al., 

2015)), whereas the other three (ARID5B, LIMCH1 and CSMD3 [MIM# 608399]) contain 

homopolymers not reported to be mutated. We used MonoSeq to test for repeat mutations in 

the 540 EEC specimens at these loci, and found strand-slippage mutations in 9 of the 10 

coding sequence mononucleotide runs (five of the six genes) (Table 1).

An A7 repeat in the terminal exon of ARID5B was mutated in 7.2% of MSI+ samples, and 

was also mutated in a smaller fraction of MSS tumors (1.9%), which might indicate it is 

under biologic selection (Table 1). Both insertion and deletion mutations were seen. Single 

base insertions were observed in 11 tumors (6 MSI+ and 5 MSS), and another 11 tumors 

harbored single base deletions (10 MSI+ and one MSS). Both clonal and sub-clonal 

mutations were detected, and MonoSeq was able to identify sub-clonal mutations that were 

almost undetectable by Sanger sequencing (Fig. 4A). A single-base insertion with VAF = 

0.103 was detected in tumor sample MSI-1712T by both Sanger sequencing and MonoSeq 

(Fig. 4A). To confirm that the minor peaks present in the Sanger sequencing chromatogram 

are indicative of a true sub-clonal mutation rather than sequencing noise, we re-amplified the 

region from both tumor and paired normal DNA from patient 1712, then TA cloned the PCR 

products. One of the 19 clones tested from the tumor sample had the insertion mutation 

(consistent with the predicted variant fraction), whereas none of the 20 clones from the 

normal DNA had mutations (Fig. 4A). Other Sanger sequencing validations highlighted the 

correlation between the minor peak height of Sanger trances and MonoSeq VAF (Fig. 4A).

Because these ARID5B strand-slippage mutations occur in the terminal exon, nonsense 

mediated decay (NMD) of the mutant transcripts would not be expected. Tumor RNA was 

available for three samples carrying the ARID5B mutation. RT-PCR and Sanger sequencing 

revealed that mutated transcripts were present in two of the three tumors (Fig. 4B). We 

further validated the existence of the ARID5B hotspot mutations and escape from NMD by 

using RNAseq and exome sequencing data from TCGA for EC (The Cancer Genome Atlas 
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Research Network, 2013). RNAseq data for 546 endometrial cancers was downloaded from 

Cancer Genomics Hub (Kent, et al., 2002) to screen for the hotspot mutation at the transcript 

level. Although most of the ARID5B transcript had high read counts indicating it was 

expressed in many tumors, the ~200bp region containing the A7 mononucleotide run was 

poorly covered by RNAseq, with only 17 tumors sequenced to a depth ≥15X. However, one 

of these 17 tumors, TCGA-B5-A1MX-01 (an MSI+ endometrioid tumor), clearly harbors a 

single base insertion at this hotspot, present in 62% of RNAseq reads (Fig. 4C). A single 

base insertion was present in 60% of reads from the tumor DNA, whereas the paired normal 

DNA did not harbor the insertion, consistent with somatic origin (Fig. 3C). This mutation 

was not reported by TCGA, which emphasizes the need for robust mononucleotide strand-

slippage repeat variant calling (Cerami, et al., 2012; Gao, et al., 2013).

To better understand how frequent the ARID5B indel mutation is relative to other mutations, 

we sequenced all ARID5B coding exons in the 540 EEC tumors samples. A total of 47 

different mutations occurred in 69 samples, with five samples that harbored two mutations 

each (Fig. 4D). Most mutations were truncating—28% were nonsense, 35% were 

frameshifts and 1% were splice site mutations. There was a cluster of frameshift mutations 

found in a 124bp stretch in exon 9 consisting of 12 samples that harbored 9 different 

frameshifts, suggesting a possible fragile site. Expectedly, the overall mutation rate was 

higher in MSI+ tumors (19.3%) compared to MSS (8.2%). The mutational spectrum of 

ARID5B indicates clearly that there is selection for genetic inactivation in endometrial 

cancers and that the A7 indel mutations are among the most common seen in MSI+ 

endometrial cancers.

Enhanced mutation detection in previously characterized MSI targets

Our custom amplicon panel included two A10 repeats in the CASP5 coding sequence (exons 

2 and 3) and an A8 repeat in exon 4. Mutation of the exon 3 A10 homopolymer in EC was 

first reported more than a decade ago (Vassileva, et al., 2004). Using MonoSeq we revisited 

this locus and found that 26% of MSI+ tumors had mutations, compared to only a 5% 

mutation rate described in the original report (Vassileva, et al., 2004) (Table 1). We speculate 

this difference is due to MonoSeq’s improved detection of sub-clonal mutations (VAFs < 

0.30), and our much larger sample size. The mutation rates of the exon 2 A10 repeat and 

exon 4 A8 repeat were 36% and 2%, respectively, with 52% of MSI+ tumors harboring at 

least one frameshift mutation in a CASP5 coding sequence mononucleotide run (Table 1). 

There was no evidence for mutual exclusivity or co-occurrence of mutations at multiple 

CASP5 mononucleotide runs (P-value > 0.1 determined by Fisher’s exact test). There were 9 

MSS tumors with indel variants in either the exon 2 or exon 3 A10 tracks (Table 1). Sanger 

sequencing using matched normal DNA proved that these patients harbored germline single 

base insertions, and one had a germline two base insertion as well as a germline one base 

deletion in trans. The discovery of the compound heterozygote (no functional copy of 

CASP5 in the patient’s germline DNA) speaks to the redundancy of the caspase pathway, 

and suggests selection for CASP5 mutation in endometrial cancers is unlikely.

We used MonoSeq to re-assess mutations in a CTCF A7 hotspot we identified in a previous 

Sanger-based sequencing study using this EC cohort (Zighelboim, et al., 2014). MonoSeq 
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detected sub-clonal mutations that were not evident in our previous study. In addition to the 

~20% of MSI+ tumors that contained fully clonal mutations, we also identified ~10% of 

MSI+ tumors with sub-clonal indel mutations, many of which we attributed to low level 

sequencing noise in our initial report (Supp. Fig. S1A). Our original report estimated that 

this hotspot mutation occurs in 25% of MSI+ tumors, but we now estimate 29% of MSI+ 

tumors are mutated (Zighelboim, et al., 2014) (Supp. Fig. S1B). We also found a single 

instance of a sub-clonal mutation in an MSI-low tumor (sample MSI-L1378T), which we 

confirmed via Sanger sequencing with proofreading polymerase (Supp. Fig. S1B), furthering 

supporting the selection for mutation of this locus in tumors with defective MMR.

DISCUSSION

Although there have been significant advances in improving the accuracy of sequencing 

repeats, including di- and tri-nucleotides useful for genotyping and tumor MSI typing 

(Albers, et al., 2011; Cantarella and D’Agostino, 2015; Gan, et al., 2015; Gymrek, et al., 

2012; Highnam, et al., 2013; Narzisi, et al., 2014; Salipante, et al., 2014), MonoSeq 

specifically addresses the need for improved sequencing of the lowest complexity DNA 

sequences (mononucleotide runs). Although MonoSeq was trained on the Illumina 

MiSeq®’s intrinsic homopolymer error rate (Fig. 1), it can easily be adapted to other RTS 

sequencing platforms (e.g. Illumina HiSeq® and NextSeq®), and potentially for platforms 

with other sequencing chemistries.

Genes preferentially mutated in MSI+ tumors and specifically those known to be important 

in tumor biology (i.e. selected mutations) were first identified in colorectal cancers more 

than two decades ago (Duval and Hamelin, 2002; Markowitz, et al., 1995; Rampino, et al., 

1997; Salahshor, et al., 1999). Although defective MMR is more common in endometrial 

that colorectal cancers, the spectrum of MSI mutations and genes for which there is strong 

selection for mutation is less well studied, with only a few confirmed MSI targets (Bertoni, 

et al., 1999; Giannakis, et al., 2014; Novetsky, et al., 2013; Schwartz, et al., 1999; Vassileva, 

et al., 2002; Zighelboim, et al., 2014). A recent reanalysis of TCGA exome sequencing data 

for colorectal and endometrial cancers with MMR deficiency highlighted the fact that many 

mutations associated with MSI have not been fully appreciated, that they are difficult to 

detect, and that different genes and repeats are mutated in the two tumor types (Kim, et al., 

2013). Our work to develop MonoSeq focused on endometrial cancers and primarily on 

noncoding repeats that are unlikely to be subject to strong selection, but we did evaluate a 

small number of coding sequence mononucleotide repeats and discovered multiple novel 

non-synonymous mutations in EECs (Table 1).

We identified a novel hotspot in ARID5B that is mutated at modest frequency in both MSI+ 

and MSS tumors (4% overall). Although ARID5B was reported as a “significantly mutated 

gene” by TCGA, and the spectrum of mutations seen in the EECs was similar to that seen by 

TCGA, the A7 repeat mutations made up a third of all ARID5B mutations identified using 

custom amplicon sequencing combined with MonoSeq. Furthermore, Kim et al. did not 

report on the A7 mutation, suggesting that the lower coverage for the exome capture 

sequencing used by TCGA many not be sufficient to reliably reveal some mononucleotide 

repeat variants (Kim, et al., 2013). The ARID5B frameshift we identified could be one 
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example of a potentially large number of mutations that give rise to novel peptides because 

the mutation is in the last exon and as such is not subject to NMD (Nagy and Maquat, 1998). 

Although we were able to show the frameshift mutation was present in mRNA from the 

tumors we studied and a TCGA specimen, we were unable to test for the truncated 

frameshift ARID5B protein in our primary endometrial cancers due to lack of a suitable 

antibody.

MonoSeq combined with other sequencing efforts may afford opportunities for 

comprehensive/genome-wide discovery of other potential neoantigen-producing mutations. 

There are over 4,000 coding mononucleotide repeats ≥ 7bp in the human exome, and for 

each cancer and cell type a subset of these will be mutated and expressed. Frameshift 

peptides may prove to be important in designing personalized immunotherapies or in 

predicting response to therapies based on immune checkpoint blockade. To date, most 

cancer peptide therapies have primarily targeted tumor associated antigens or neoantigens 

derived from missense mutations (Baurain, et al., 2000; Hacohen, et al., 2013; Mandelboim, 

et al., 1994; Schumacher and Schreiber, 2015). When combined with HLA presentation 

algorithms (Karosiene, et al., 2012; Lundegaard, et al., 2008; Nielsen, et al., 2003; Peters 

and Sette, 2005; Sidney, et al., 2008) computational tools such as MonoSeq could uncover 

mutations suitable for directing immunotherapies that would otherwise be undetectable. In a 

recent study testing the effectiveness of a vaccine created from 11 different peptides, patients 

who showed an immune response to more than one peptide had better overall response rates, 

but only 8 of 27 evaluable patients achieved this outcome (Walter, et al., 2012). This finding 

illustrates how challenging designing multiple peptide vaccines can be due to the lack of 

common neoantigen-producing mutations between even highly mutated tumors (Karasaki, et 

al., 2015; Schumacher and Schreiber, 2015). Comprehensive identification of all mutations 

(including mononucleotide run indels) present in a large fraction of tumors will afford the 

maximum power to discover the best candidates for vaccination design.

PD-L1/PD-1 immune checkpoint inhibitors have emerged as a particularly promising 

approach for the treatment of MSI+ and other highly mutated tumor types tumors (Hamid, et 

al., 2013; Rizvi, et al., 2015; Van den Hoecke, et al., 2015). There are data supporting 

increased effectiveness for immune checkpoint inhibitors in tumors with higher mutational 

burdens, and neoantigen load (Rizvi, et al., 2015; Snyder, et al., 2014), however specific 

mutations contributing to response have not been elucidated. Better sequencing data might 

serve to identify predictive markers for MSI+ tumors and potentially define groups of MSS 

patients that might also respond based on shared mutations.

At present, detection of sub-clonal mutations in repetitive regions remains a barrier to 

reaching the objective of comprehensive mutation analysis, especially for those efforts 

focused on tumors with defective MMR and other highly mutable cancers. Although the 

mutational landscapes of endometrial and colorectal cancers described by TCGA excluded 

mutation calls in most homopolymers >7bp (The Cancer Genome Atlas Research Network, 

2013; The Cancer Genome Atlas Research Network, 2012), further analysis of the 

sequencing data has pointed to many additional frameshift mutations (Kim, et al., 2013). We 

believe that the methods reported here afford greater sensitivity for detection of clonal and 

sub-clonal mutations in repeats and that a subset of these will contribute to tumor 
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phenotypes. Moreover, the ability to detect sub-clonal mutations is critical for inferring 

information about tumor evolution, and is often necessary for separating driver and 

passenger mutations, and for identifying therapy resistant clones.

Other groups have estimated the increased mutational burden in MSI+ tumors both using 

global mutational analysis and by determining the relative mutability of selected MSI targets 

(Ji and King, 2001; The Cancer Genome Atlas Research Network, 2013). In our analysis of 

noncoding repeats (intronic, intergenic and UTR) we saw a 20–30-fold increase in 

homopolymer indel mutations (Figure 3C). We also observed a relative increase in the 

mutability of MSS samples with increasing homopolymer length (Figure 3B), and a constant 

fold change in the number of mutations between MSI+ and MSS tumors regardless of 

homopolymer length (Figure 3C).

Approaches such as the one we described here will afford opportunities to better 

characterize the overall mutational burden in tumors with defective MMR and may point to 

novel genes important in tumorigenesis. We acknowledge the fact that multiple analysis 

methods are required for mutation profiling efforts, with MSI+ tumors presenting particular 

challenges both in terms of the numbers and classes of mutations they carry. The ability to 

detect all classes of somatic mutations and sub-clonal mutations has important implications 

for precision medicine approaches to genetically targeted cancer treatments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. MiSeq®-based amplicon sequencing has an intrinsic mononucleotide run indel error 
rate
(A) Dot plots show the VarScan variant allele fractions (VAFs) for mononucleotide run indel 

calls in germline DNA samples and microsatellite stable endometrioid endometrial cancers 

(MSS EECs). Total number of calls (n) is given in parenthesis. Sanger sequencing using 

high fidelity Phusion polymerase for representative true and false positive calls is shown. 

Because the mononucleotide repeats analyzed are monomorphic, the vast majority of 

variants are presumed to be false positives. Bottom panels show the calls stratified by 

reference sequence mononucleotide run length, and illustrate increasing VAF (sequencing 

noise) with increasing run length. Black lines indicate medians. (B) Distributions for the 

repeat length for the combined reads from all germline or MSS EECs samples. Each marker 

represents a different repeat. Graphs illustrate that allele distributions are similar for 

mononucleotide runs of the same length. See also Supp. Table S1.
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Figure 2. Comparison of MonoSeq and VarScan variant calls relative to Sanger sequencing 
validation
Sanger sequencing validation was performed for 458 total indel calls in 14 different 

mononucleotide runs. Plots show correlation between mutant peak heights in Sanger traces 

and variant allele fractions (VAFs) from MonoSeq (left) and VarScan VAFs (right). The y-

intercept is a measurement of the false positive next-generation sequencing reads in samples 

with no detectable mutation by Sanger sequencing. MonoSeq corrects for false positive 

reads as indicated by a reduction of the y-intercept in linear regression lines and linear 
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regression line slopes approximately equal to one. Sanger mutant fraction was determined 

by Mutation Surveyor software (Softgenetics, State College, PA).
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Figure 3. Estimation of the increased mononucleotide repeat mutational load in tumors with 
microsatellite instability (MSI)
(A) Average mutations per tumor sample in 71 non-coding mononucleotide runs for 

microsatellite stable (MSS) and MSI+ EECs. Error bars are s.e.m. (B) Distribution of non-

coding mutations normalized to the number of samples and number of mononucleotide 

repeat loci sequenced shows an increase in mutability with increasing mononucleotide run 

length. Error bars are s.e.m. (C) Fold increase in non-coding strand-slippage mutations for 

MSI+ compared to MSS tumors. Error bars are s.e.m.
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Figure 4. A novel mutational hotspot in ARID5B
(A) Sanger sequencing chromatograms validate sub-clonal mutations called using MonoSeq. 

The MonoSeq variant allele fraction (VAF) parallels Sanger sequencing minor peak height. 

Inserts are chromatograms of cloned and sequenced PCR products from sample MSS-1712T, 

which confirms the tumor harbors a sub-clonal mutation. (B) Transcripts harboring the 

frameshift mutation were detectable in cDNA from sample MSI-1012T. Chromatogram for 

sample MSI-1006T is shown as a representative wild-type. (C) The ARID5B hotspot 

mutation is in TCGA-B5-A1MX-01. Twenty-four of 39 RNAseq reads displayed the 
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insertion, and 12 of 20 DNA reads had the same mutation. In normal DNA from the same 

patient, only one of 18 reads displayed an A track mutation, which we attribute to 

sequencing error. (D) All ARID5B coding exons were sequenced for 540 endometrioid 

endometrial cancer specimens. Lollipop plot shows 72 mutational events (47 different 

mutations in 67 samples). Variants were called using VarScan and MonoSeq. ARID domain 

is represented by green box. Data displayed using Integrated Genomics Viewer software 

(Broad Institute, Cambridge, MA). All variants detected in this paper were submitted to 

COSMIC public database (http://cancer.sanger.ac.uk/cosmic).
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