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ABSTRACT

Sensitive detection of microsatellite instability (MSI)
in tissue or liquid biopsies using next generation
sequencing (NGS) has growing prognostic and pre-
dictive applications in cancer. However, the com-
plexities of NGS make it cumbersome as compared
to established multiplex-PCR detection of MSI. We
present a new approach to detect MSI using inter-
Alu-PCR followed by targeted NGS, that combines
the practical advantages of multiplexed-PCR with
the breadth of information provided by NGS. Inter-
Alu-PCR employs poly-adenine repeats of variable
length present in every Alu element and provides a
massively-parallel, rapid approach to capture poly-
A-rich genomic fractions within short 80—-150bp am-
plicons generated from adjacent Alu-sequences. A
custom-made software analysis tool, MSI-tracer, en-
ables Alu-associated MSI detection from tissue biop-
sies or MSl-tracing at low-levels in circulating-DNA.
MSl-associated indels at somatic-indel frequencies
of 0.05-1.5% can be detected depending on the avail-
ability of matching normal tissue and the extent of in-
stability. Due to the high Alu copy-number in human
genomes, a single inter-Alu-PCR retrieves enough in-
formation for identification of MSl-associated-indels
from ~100 pg circulating-DNA, reducing current
limits by ~2-orders of magnitude and equivalent
to circulating-DNA obtained from finger-sticks. The
combined practical and informational advantages of
inter-Alu-PCR make it a powerful tool for identifying
tissue-MSiI-status or tracing MSl-associated-indels in
liquid biopsies.

INTRODUCTION

Tumors with microsatellite instability (MSI) accumulate
high numbers of somatic microsatellite (MS) insertions or
deletions (indels), due to a loss of normal mismatch repair
(MMR) ability (1). High levels of MSI are predictive for
colorectal cancer (CRC) therapy outcome in chemother-
apy and immunotherapy and has been associated with dis-
tinct characteristics and favorable results including better
prognosis, a higher 5-year survival, and lesser metasta-
sis (1,2). Although the MSI phenotype has been observed
across tumor types (3), it is most common in colon ade-
nocarcinoma, stomach adenocarcinoma , and uterine cor-
pus endometrial carcinoma (4). Thus, clinical centers per-
form immunohistochemistry-based MSI testing or PCR-
capillary electrophoresis (PCR-CE) testing based on five
established tumor-specific MSI-markers (5), for these tu-
mor types (6,7). MSI testing via next generation sequenc-
ing (NGS) has created expanded possibilities for pan-cancer
MSI testing based on larger panels of markers (8). NGS en-
ables quantification of ‘MSl-intensity’ as a biomarker for
immunotherapy response (9), or identification of MSI at
low levels in circulating DNA obtained from liquid biop-
sies (10,11). Along with MSI information, NGS tests can
provide additional cancer biomarkers such as tumor muta-
tional burden (TMB) or copy number variations (10). De-
spite these expanded possibilities, the complexities of NGS
sample preparation can make it cumbersome compared to
established multiplex-PCR capillary electrophoresis-based
detection of MSI (5). Detection of MSI as part of exome se-
quencing or existing targeted re-sequencing panels (8) have
high cost and can be wasteful when MSI-generated indels
are the main endpoint of interest, especially for longitudi-
nal MSI monitoring at low tumor fractions. MSI-focused
panels, on the other hand, mostly rely on hybrid capture of
target regions, which present challenges for microsatellites
traced in circulating-DNA due to stutter, low inputs and
low tumor fraction (11). Without exception, all current ap-
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proaches require at least 5-10 ng input DNA (10-15) which
may not be available in certain settings.

Here we present inter-Alu-PCR-based MSI detection, a
new method for assessment of MSI which combines the
speed and convenience of PCR-based approaches with the
breadth of NGS methodologies. Alu is a ~300 bp DNA
stretch, dispersed throughout the genome with a copy num-
ber of more than 1 million, amounting to ~11% of the hu-
man genome (6). It contains a consensus body sequence
and a poly-adenine region at the 3’ end (A-tails). The A-
tails are variable in length at each locus and are prone to
accumulation of mutation and shrinkage, thereby forming
variant microsatellite-like structures at the end of Alu el-
ements (7). Given these Alu features, inter-Alu-PCR us-
ing primers that extend outward from the head of Alu and
from the A-tail region, provides a rapid approach to cap-
ture Alu A-tails within amplicons generated from adjacent
Alu elements, Figure 1A. A custom-made software anal-
ysis tool, MSI-Tracer, enables Alu-associated MSI tracing
at low-levels from tissue biopsies or circulating-DNA. We
demonstrate that due to the exceedingly high Alu copy num-
ber, a single PCR reaction for inter-Alu sequence amplifi-
cation retrieves enough information to enable identification
of MSI starting from just 100 pg circulating-DNA, reducing
current NGS limits by ~2-orders of magnitude and roughly
equivalent to circulating-DNA obtained from finger-sticks
(16), thereby expanding the possibilities for liquid-biopsy
based detection of MSI.

MATERIALS AND METHODS
Cell line and clinical sample DNA preparation

Genomic DNA (gDNA) from cell lines HCT-15 (Sigma,
Aldrich) and Human genomic DNA (Promega) were used
as mutant and wildtype control respectively. Snap-frozen
colon adenocarcinoma stage I1/I1I and paired normal tis-
sue biopsies from treatment-naive patients were obtained
from the Massachusetts General Hospital Tumor Bank and
gDNA was extracted using the Blood and Tissue kit (Qia-
gen). For serial dilution samples, normal and tumor gDNA
were randomly fragmented using dsDNA Shearase Plus
(ZYMO Research, CA, USA) and tumor DNA were seri-
ally mixed into normal DNA. Plasma from healthy volun-
teers and from stage I/1I colon adenocarcinoma treatment-
naive patients were obtained under consent and Institu-
tional Review Board approval by the Dana Farber Cancer
Institute GI Bank and cfDNA was isolated using QIAamp
Circulating Nucleic Acids Kit (Qiagen). The concentration
of isolated DNA was quantified on a Qubit 3.0 fluorome-
ter using dsDNA HS assay kit (Thermo Fisher Scientific).
The MSI status of clinical tumor was examined by Promega
MSI Analysis kit v.1.2 (supplementary methods).

Inter-Alu-PCR and NGS

Inter-Alu-PCR was performed using 0.1-1ng DNA input in
a 25 plreaction mixture on a CFX Connect™ real-time PCR
machine (Biorad) per protocol provided in Supplementary
Table S1.

The Alu tail primer (5'- CGCTCTTCCGATCTCTGGA
GCGAGACTCCGTCTCA-3') and the Alu head primer
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(5'- TGCTCTTCCGATCTGACTGGTCTCGATCT
CCTGACCTC-3) were adapted from AluY consensus
primers AluY278T18 and AluY66H21 employed previ-
ously for inter-Alu-PCR (17) with modifications for library
construction as described in supplementary methods.

MSI bioinformatic analysis

Sequencing data were mapped to human reference genome
(hg38) using BWA-MEM alignment software. Bam files
were processed to retain only sequences with mapping qual-
ity >60. Bam files were further processed with SamJdk to
remove reads where clipping exceeds 5% (18). The insert size
distribution was calculated using Qualimap 2.2.1 (19). MSI
evaluation was performed via MSIsensor or MSI-tracer on
experimental data and TCGA data (supplementary meth-
ods).

MSIsensor

MSIsensor is a publicly-available software that identifies so-
matic variants at microsatellite regions via a two-step pro-
cess (20). First, MSIsensor scans reference genome and gen-
erates a list of microsatellite sites, which includes homopoly-
mers of at least 5 bp and repeat units with maximum length
of 5 bp. Second, it interrogates microsatellite sites contain-
ing more than 20 sequence reads and generates a distribu-
tion file that compares microsatellite length in the tumor
and normal samples. Significantly varied loci are identified
via Chi-Squared Test and the percent of unstable loci is used
as MSI score. Unmatched analysis was conducted by com-
paring interrogated samples to HMC human male control
DNA.

MSI-tracer

As an alternative to MSIsensor, a custom-made python-
based MSI status calling algorithm, MSI-tracer, was devel-
oped to assess MSI status. MSI-tracer is designed specifi-
cally for detecting MSI-caused deletions at low tumor pu-
rities and compares the interrogated samples versus a nor-
mal sample. The software utilizes the MS distribution files
derived from MSIsensor as input and compares the distri-
bution of MS size from interrogated vs. normal samples at
Alu-tail-adjacent homopolymers at least 10 bp long, con-
taining pure poly-A/T runs and with sequencing coverage
> X (default X = 20). Deletion-containing sites at each lo-
cus are scored when (a) at least two distinct poly-A/T in
the interrogated sample are >2 bp shorter compared to the
shortest poly-A /T in the normal sample, and (b) these dele-
tions are supported by at least N sequencing reads (default
threshold N = 5). The MSI-tracer score is calculated by di-
viding the number of deletion-containing MS sites to the to-
tal number of MS sites. Alternatively, the absolute number
of deletion-containing MS under the same overall sequenc-
ing reads for interrogated and normal samples, is computed.
If the sequencing reads between interrogated and normal
DNA are substantially (>10%) different, in-silico down-
sampling is applied to perform the comparison under equal
sequence reads. Experiments with low-tumor purity sam-
ples are usually designed to yield 15-20 x 10° paired end
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Figure 1. Concept and workflow of NGS-based MSI detection using inter-Alu-PCR. (A) Poly-A-tails at the 3’ end of Alu repeats form microsatellite-like
structures. Inter-Alu-PCR amplifies the regions between two neighbor Alus and captures microsatellites at multiple loci simultaneously. (B) Schematic
overview of MSI detection by inter-Alu-PCR and NGS. Following DNA extraction, inter-Alu-PCR is conducted with normal and interrogated DNA
using modified Alu primers that extend outward from the Alu head and tail. As Alu primers contain part of the adaptor sequences, libraries are directly
prepared via index PCR from amplified product after purification. Following sequencing, the sample MSI status or MSI-associated indels is analyzed.

sequence reads per sample. The Alu MSI-tracer code is
available on Github https://github.com/Amakril020/MSI-
Tracer.

Statistical analysis

The Student t test was employed to analyze the statisti-
cal differences of the MSI-tracer score or the number of
MSI events per sample. The Bonferroni-corrected P value
(Paltered = 0.05/number of experimental repeats) was used
to determine statistical significance.

RESULTS
Inter-Alu-PCR

Inter-Alu-PCR is performed by employing a pair of Alu
primers AluY278T18 and AluY66H21 containing adaptor
oligonucleotides towards their 5" ends. This primer modi-
fication renders amplicons compatible with library prepa-
ration with no need for adaptor ligation. Next, inter-Alu-
PCR products are directly subjected to library index PCR to
complete a sequencing sample preparation protocol over 2—
3 h, Figure 1B. This is followed by overnight sequencing and
analysis to evaluate MSI status. To profile inter-Alu-PCR
amplicon sizes, we examined NGS-sequence inserts gener-
ated when starting from Ing intact gDNA, sheared DNA
or ¢fDNA. Under our PCR amplification conditions, the
most frequent library inserts were between 110 and 135 bp
irrespective of DNA type used. Sheared DNA and ¢fDNA
share similar patterns, while gDNA displays a broader frag-
ment distribution extending to about 375 bp (Supplemen-
tary Figure S1A). While the average distance of Alu residues

across the genome is ~ 2.4 kb (17,21), the 30 sec PCR ex-
tension time applied coupled with paired-end 150 bp se-
quencing favor amplification and sequencing of successive
Alu elements within ~100-150 bp. This is also compati-
ble with the anticipated fragment sizes in circulating-DNA.
Inter-Alu-PCR from intact gDNA enriches more MS sites
than fragmented DNA when 1 million sequencing reads are
applied (Supplementary Figure S1B). The number of dis-
tinct MS sites sequenced increases with sequencing reads
and tends to saturate at higher depth. Using fragmented
DNA, ~1000 distinct MS sites are obtained with just 30
000 reads, while 16 355 MS sites, corresponding to ~1.6% of
overall Alu elements, are obtained with 50 x 10° sequenc-
ing reads (Supplementary Figure S1C). The relative distri-
bution of all MS types, and the size of poly-A/T MS am-
plified with inter-Alu-PCR are depicted in Supplementary
Figures S1D and E, respectively. The impact of DNA input
10 pg—1 ng using cfDNA and ~15 x 10° reads per sam-
ple is depicted in Supplementary Figure S1F. ¢fDNA in-
put of 0.1-1 ng captures 6000-14 000 distinct MS, of which
20004000 have a coverage >20 and can be analyzed. More-
over, the coverage of inter-Alu MS sites, the reproducibility
between different runs of the same sample and the length
distribution of obtained MS were assessed (Supplementary
Figures S2A-D). In summary, using traces of intact or frag-
mented DNA, inter-Alu-PCR samples contiguous Alu ele-
ments within <150 bp of each other containing thousands
MS sites for analysis.

MSI status analysis

Analysis of MSI status using inter-Alu-PCR-captured MS
was evaluated by employing tissue biopsy-derived DNA
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from 18 colon cancer patients. 11 of these tumor samples
had DNA from matched normal tissue also available, while
the remaining 7 tumor samples were unpaired. The MSI
status for the 18 samples were first characterized via mul-
tiplexed PCR followed by capillary-based fragment length
analysis using the standard S-marker system. 5 MSI-H
(28%) and 13 MSS patients were identified (supplementary
Table S2). NGS analysis of inter-Alu-PCR products was
then applied to the 11 tumors with matched normal tis-
sues. Sequencing of individual microsatellites yield distri-
butions of ‘stutter’ fragments for the interrogated tumor
sample and corresponding normal tissue and indel sites are
scored based on comparison of fragment sizes (Figure 2A).
Data were analyzed by MSlsensor, an established bioinfor-
matic tool for MSI status classification (20), and by MSI-
tracer, a new algorithm for calling MSI-caused indels, devel-
oped by us, directed specifically to the detection of low-level
indels. Both algorithms show distinct clustering of MSI-
H and MSS tumors (Figure 2B) regardless of sequencing
depth, down to 40 000 sequencing reads per sample (Sup-
plementary Figures S3A and S3B). Agreement in classifica-
tion is demonstrated with multiplexed-PCR-electrophoresis
in 11/11 cases. Since matched normal tissue is not al-
ways available in practice, we also evaluated use of DNA
from unpaired normal samples. We replaced DNA from
matched normal tissue with DNA from a mix of normal
individuals (Promega human male control DNA, HMC)
and repeated the analysis, this time including also samples
from 7 colon cancer patients with unpaired normal tissue.
This approach retained the clustering between MSI-H and
MSS samples, albeit with a reduced discrimination for both
MSIsensor and MSI-tracer analyses (Figure 2C). The in-
creased MSI score in un-paired samples is potentially due
to germline polymorphisms scored as somatic indels. Over-
all, the data indicate that inter-Alu-PCR in combination
with NGS can accurately identify MSI status using ultra-
low-pass sequencing without the need for matched normal
tissues.

For MSI-tracer analysis, the software counts the num-
ber of sequencing reads that present distinct shorter poly-
As relative to a similarly treated normal sample, and then
applies a threshold-based filter for a binary determination
of deletion-positive or negative sites. Supplementary Fig-
ure S3C shows that the determination of MSI status does
not depend significantly on the threshold chosen for this fil-
ter; for example, setting a threshold of 2, 5 or 10 sequencing
reads containing shorter poly-As in the interrogated sample
relative to a compared normal sample does not significantly
affect MSI classification.

The application of inter-Alu-PCR for MSI identification
was further studied in different cancer types that under-
went whole genome sequencing by the TCGA consortium
(22). Samples with pre-defined MSI status were selected
from MSI-prone tumors COAD (colon adenocarcinoma),
UCEC (corpus endometrial carcinoma) and STAD (Stom-
ach adenocarcinoma), as listed in Supplementary Table S3.
Inter-Alu regions were extracted from whole-genome se-
quencing data and MSI status identification was performed.
Distinct clustering between MSI-H and MSS samples was
evident in all cases (Figure 2D), indicating the wide appli-
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cability of inter-Alu-PCR for MSI analysis across cancer
types.

Limit of detection

To assess the lowest limit of detection (LOD) of MSI-caused
indels, serial dilutions of MSI-H tumor DNA into matched
normal DNA were tested. The accuracy of our dilution ap-
proach was orthogonally validated on tumor-specific so-
matic mutations, such as KRAS for a subset of the samples
using digital droplet PCR (23,24), Supplementary Figure
S4. DNA from MSI-H colon cancer specimens with high
original tumor purity, (CT18 and CT11, ~50-70% tumor)
was fragmented and serially diluted, then 1ng was used as
input for inter-Alu-PCR-NGS.

First, we addressed a scenario where a low-tumor purity
clinical sample from a patient, such as circulating-DNA,, is
interrogated in the absence of paired normal sample. Ap-
plication of MSlIsensor analysis had limited power to de-
termine indels at tumor purities <5% (not shown), as also
reported by other groups (25). We therefore developed MSI-
tracer for detecting low-level deletions in Alu-element poly-
A /T-rich tails, when interrogated versus unpaired normal
DNA. Using MSI-tracer, CT18 or CT11 DNA dilutions of
3% or higher had MSI-tracer score higher than any of 19
normal and MSS samples interrogated in the same manner
(Figure 3A, and Supplementary Figure S5) corresponding
to an LOD ~1.5% for somatic indels given a ~50% tumor
purity. This analysis was performed via MSI-tracer using
20 x 10° sequencing reads for tumor dilutions and normal
DNA mixture from five healthy individuals (Promega HMC
DNA), which yielded ~5000 Alu-MS sites per sample hav-
ing adequate coverage (>20) for indel assessment. Supple-
mentary Figure S6A presents representative poly-A distri-
butions obtained in serial dilution experiments.

To improve the lowest limits of detection when no in-
formation from the primary tumor is available, we sought
to identify ‘pre-determined’ subsets of Alu-poly-A/T sites
that harbor recurrent somatic indels at all MSI-H tumor
samples analyzed in this work. A group of 115 informative
Alu-poly-A/T sites was thus identified, Supplementary Ta-
ble S4. Focusing MSI-tracer analysis solely to this group
of 115 informative MS loci improved the LOD to 0.3-1%
for CT18 and CT11, respectively (Figure 3B), correspond-
ing to an LOD of 0.15-0.5% for somatic indels. Therefore,
in the absence of paired normal, the subset of recurrent so-
matic indels can be used to filter the data and reduce ran-
dom noise.

Next, we also examined the scenario where matched nor-
mal is available. The dilution samples were interrogated
with their corresponding normal. Dilutions exceeding 1%
of CT18 and 3% of CT11 showed significantly higher MSI-
tracer score, corresponding to an LOD of ~0.5-1.5% given
a ~50% tumor purity (Figure 3C). Finally, inter-Alu-PCR
was also applied for tracing tumor-specific microsatellite
deletions (tumor fingerprint) in liquid biopsies. Thereby
potentially employing inter-Alu-PCR for minimal residual
disease detection in patients with MSI-H primary tumors.
To this end, MSI-tracer was adapted to follow only dele-
tions present in the primary tumor at high clonality (>30%).
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Figure 2. MSI status analysis by inter-Alu-PCR using Microseq ultra-low pass sequencing (~0.1-0.2 x 10° reads per sample). (A) Representative PCR-
CE and NGS results from MSI-H and MSS tumor DNA. (B) Analysis of tumor and matched normal tissue samples. Inter-Alu-PCR was conducted on
DNA from 11 colon cancer patients (five MSI-H and six MSS as assessed by the 5-plex PCR-CE assay). MSI status was evaluated via MSIsensor and
MSI-tracer software. (C) Analysis of unpaired samples (tumor samples with un-matched normal tissue). Inter-Alu-PCR was applied on DNA from 18
tumors (5 MSI-H and 13 MSS) plus 11 normal tissues obtained from colon cancer patients, and were compared against human male control (HMC)
DNA. (D) MSI analysis based on inter-Alu-PCR-obtained MS in different cancer types. Whole genome sequencing data for three MSI-prone cancer colon
adenocarcinomas (COAD, n = 10), corpus endometrial carcinoma (UCEC, n = 6) and Stomach adenocarcinoma (STAD, n = 6) were obtained from
TCGA database. Inter-Alu regions were extracted using bed files derived from inter-Alu-PCR Hiseq data. MSI status of MSS and MSI-H tumors were

examined via MSIsensor and MSI-tracer.

Presence of deletions were detectable down to 0.1% and 1%
for CT18 and CT11 respectively (Figure 3D) correspond-
ing to a somatic indel LOD 0.05-0.5% for detecting traces
of tumor DNA within excess normal DNA.

Application on cfDNA samples

Detection of MSI-related indels in cfDNA obtained from
cancer patients with MSI-H tumors is challenging due to
the low DNA amount and low tumor fraction in the circula-
tion. As a proof of principle using inter-Alu-PCR in detect-
ing MSl-related poly-A deletions in cfDNA, 6 cfDNA sam-
ples obtained from colon cancer patients and four samples
obtained from healthy volunteers were used. Two samples
originated from patients with MSI-H tumors and contained
BAT25/BAT26 indels detectable in cfDNA via multiplexed-
PCR-CE, Supplementary Figure S7; and four cfDNA sam-
ples originated from patients with MSS tumors, showing no
indels in cfDNA via multiplexed-PCR-CE.

These samples represent a scenario where, apart from
cfDNA, there is no inter-Alu-PCR information either from
the primary tumor, or from corresponding normal tissue. In
the absence of matched normal DNA, ¢fDNA from cancer
patients were interrogated against cfDNA from 4 arbitrary-
chosen normal volunteers. Application of inter-Alu-PCR-
NGS on Ing ¢fDNA from MSI-H patients demonstrated
a significantly higher MSI-tracer score, compared to MSS
or normal volunteer samples (Figure 4A). This difference
became more pronounced when analysis was targeted to

the group of 115 informative Alu sites recurrently altered in
MSI-H tumors, Figure 4B, consistent also with the serial di-
lution experiments in Figure 3B. Supplementary Figure S6B
depicts representative poly-A distributions from cfDNA ex-
periments, indicating presence of shorter poly-adenines for
interrogated samples that are MSI-H in tumor and plasma,
versus samples from any of the 4 normal volunteers.

Finally, considering the limited availability of cfDNA
in clinics, or the possibility of obtaining traces of cfDNA
from finger-sticks (10) we also performed MSI analysis
using lower cfDNA input. Repeating the analysis in the
cfDNA samples described above, using 0.1ng cfDNA was
again able to distinguish MSI-H from MSS patients and
healthy donors (Figure 4C and D). Triplicate repeats in-
dicated that inter-Alu-PCR from 0.1 ng cfDNA captures
different groups of informative regions each time, but con-
sistently shows significant increase of deletions in MSI-H
patient cfDNA’ (Figure 4E). These data indicate that inter-
Alu-PCR can perform MSI classification using cfDNA, and
that the input DNA can be as low as 0.1 ng DNA.

DISCUSSION

Alu-PCR has been employed for detecting linkage disequi-
librium (26), selection of human DNA from non-human
samples (27), detection of copy number differences, muta-
tor phenotypes and structural variation in cancer (17,28-
29). In view of Alu structure which contains poly-adenine
homopolymers near Alu ends, we hypothesized that inter-
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Limit of Detection for MSI-caused deletions
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Figure 3. Assessment of limits of detection. (A) Serial dilution of MSI-H samples CT18 and CT11 analyzed against non-matched normal tissue via MSI-
tracer for MSI classification. (B) Analysis for MSI classification based on 115 MS loci commonly altered in the examined MSI-H tissue samples. (C) Serial
dilution of MSI-H samples CT18 and CT11 analyzed against corresponding matched normal tissue via MSI-tracer for MSI classification. (D) Tracing
deletions that are clonally present in the primary tumor, in serial dilutions of DNA from MSI-H samples CT18 and CT11 into DNA from matched normal
tissue. An average of 15 x 10° sequencing reads/sample (Hiseq) was used. Statistics are based on two or three independent experimental repeats per sample.
Error bars represent standard deviation from two to three independent repeats. Asterisks in 3C and 3D represent serial dilutions with significantly different
MSI-tracer score as compared to matched normal samples (CN18, CN11). Bonferroni-adjusted P-values were used to assess significance
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Figure 4. Detection of MSl-associated deletions in cfDNA from 10 individuals, including 4 healthy donors, 4 MSS colon cancer patients and 2 MSI-H
colon cancer patients. No inter-Alu-PCR on primary tumor or matched normal tissue data were available for these samples. (A and C) inferred MSI status
using inter-Alu-PCR and MSI-tracer at cfDNA input of 1 ng or 0.1 ng. (B and D) application of MSI-tracer analysis only on 115 informative inter-Alu-
PCR sites commonly mutated in MSI-H tumors. (E) Venn diagram: triplicate independent determination of altered MS sites within set of 115 informative
sites using 0.1 ng from cfDNA 3202 and 3400. Asterisks represent cfDNA samples with significantly different MSI-tracer score as compared to ctDNA
from normal volunteers. Bonferroni-adjusted P-values were used to assess significance.
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Alu-PCR should generate microsatellite-rich genomic frac-
tions that enable efficient MSI detection, thereby expand-
ing inter-Alu-PCR applications in cancer. Indeed, our data
show that MSI status is predicted accurately for tissue sam-
ples, while application of MSI-tracer software enables trac-
ing MSI-related poly-A deletions at low allelic frequen-
cies with an LOD of 0.05-1.5%, depending also on the
availability of matched tumor/normal samples and the
degree of instability. This compares well to an LOD of
1-10% for PCR-CE (8,30) or ~0.1% for indel-enriched
PCR-CE (8,31-35) using mutation enrichment technolo-
gies (31,36-37); or to LOD ~0.1-7% reported for NGS-
based methods (10-15,38). Regarding bioinformatic anal-
ysis, while threshold-based statistical or machine-learning-
based methods (MSIsensor. mSINGs, MANTIS, Cortes-
Ciriano, MSI-ColonCore reviewed in (8)), may also de-
termine MSI status from NGS data, the simpler MSI-
tracer software developed here is specifically directed to-
wards detection of low-level poly-A deletions using Alu-
tails. Polynucleotide sequences are known to be prone to
sequencing errors especially due to polymerase slippage
events generating ‘stutter’ during sample preparation. MSI-
tracer postulates that, in view of stutter-generated noise, at
low-allelic levels only deletions generating distinctly shorter
poly-A/Ts can be detected and focuses specifically on such
alterations. The presence of stutter necessitates redundant
coverage for each interrogated target, even for the larger
deletions. Similar to other MSI-calling algorithms (24), for
MSI-tracer a minimum sequence coverage of at least 20
for interrogated poly-A target was found necessary to pro-
vide reproducible statistics for reliable analysis. Application
of experimental approaches to reduce PCR stutter (39,40)
could be anticipated to further enhance the reported LODs
for MSI detection using MSI-tracer.

While NGS-based detection of MSI status is often done
by using targeted re-sequencing panels developed for dif-
ferent purposes, such as detection of single point muta-
tions (8), such panels have significantly lower density of mi-
crosatellites when compared to inter-Alu-PCR. This ulti-
mately translates to higher requirements in starting DNA
and sequencing depth for determination of MSI status at
low tumor purities. As repeated measurements indicate in
Figure 4E inter-Alu-PCR samples enough microsatellites to
determine MSI status using just 100 pg of ¢cfDNA and ~15
x 10° sequencing reads. In contrast, the minimum amount
of starting DNA for NGS platforms is 5-250 ng (10-15),
i.e. ~ 2 orders of magnitude higher than for inter-Alu-PCR.
This enables the potential use of cfDNA obtained from
finger-sticks (16), to enable minimally invasive, repeated
testing for tumor load in MSI-positive patients undergo-
ing treatment, including chemotherapy, standard radiation,
brachytherapy or radiopharmaceutical treatments (41,42).
Another potential advantage is the direct testing of MSI us-
ing inter-Alu-PCR on ¢fDNA from unpurified plasma (43),
thereby addressing portions of circulating-DNA currently
lost during purification (43). Additional practical advan-
tages of inter-Alu-PCR are speed and cost, since sequencing
sample preparation for 20-40 samples is complete within
4 h. If sequencing is performed overnight on Miseq plat-
form, results can be obtained next day, bringing the cost-
per-reaction and time-to-result to levels comparable to the
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established 5-plex PCR-CE test (5). Compared to PCR-CE
inter-Alu-PCR requires 10-20-fold less DNA and provides
additional potential such as tracing MSI at low-levels for
minimal residual disease detection, copy-number variation
and tumor-mutational-burden determination.

In summary, the combined practical and informational
advantages of inter-Alu-PCR make it a powerful and prac-
tical tool for identifying tissue MSI-status or tracing MSI-
associated indels in liquid biopsies using minute amounts of
starting material.
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