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ABSTRACT

Microsatellites are polymorphic short tandem re-
peats of 1–6 nucleotides ubiquitously present in the
genome that are extensively used in living organ-
isms as genetic markers and in oncology to de-
tect microsatellite instability (MSI). While the stan-
dard analysis method of microsatellites is based on
PCR followed by capillary electrophoresis, it gener-
ates undesirable frameshift products known as ‘stut-
ter peaks’ caused by the polymerase slippage that
can greatly complicate the analysis and interpreta-
tion of the data. Here we present an easy multiplex-
able approach replacing PCR that is based on low
temperature isothermal amplification using recom-
binase polymerase amplification (LT-RPA) that dras-
tically reduces and sometimes completely abolishes
the formation of stutter artifacts, thus greatly simpli-
fying the calling of the alleles. Using HT17, a mononu-
cleotide DNA repeat that was previously proposed as
an optimal marker to detect MSI in tumor DNA, we
showed that LT-RPA improves the limit of detection
of MSI compared to PCR up to four times, notably
for small deletions, and simplifies the identification
of the mutant alleles. It was successfully applied to
clinical colorectal cancer samples and enabled de-
tection of MSI. This easy-to-handle, rapid and cost-
effective approach may deeply improve the analysis

of microsatellites in several biological and clinical
applications.

INTRODUCTION

Microsatellites are DNA sequences also known as short
tandem repeats (STRs) or simple sequence repeats (SSRs)
located throughout the genome that are composed of a
unit of 1–6 nucleotides repeated in tandem and whose poly-
morphism is based on the number of repetitions (1). These
highly polymorphic sequences have extensively been used
for ∼30 years in humans, animals and plants as genetic
markers for applications as diverse as gene mapping (2),
conservation and population genetic studies (3), marker-
assisted selection (4), kinship analysis (5), forensic DNA
fingerprinting (6) or cancer diagnosis (7). In the last men-
tioned application microsatellite genotyping is used to de-
tect microsatellite instability (MSI), a widespread alteration
present in cancer caused by DNA mismatch repair system
deficiency (dMMR) and characterized by the accumulation
of mutations (insertions or deletions of several nucleotides
that are multiples of the length of the repeated unit) in mi-
crosatellites (7–9). MSI has a great clinical interest for can-
cer patients as it bears prognostic information and is also
a predicator of the efficacy of immune checkpoint blockade
therapy (8,10,11). In colorectal cancer (CRC), about 15% of
the tumors present MSI with a sporadic origin or arising in
the context of Lynch syndrome (7). Moreover, MSI testing
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is recommended for every CRC patients as a first screen for
Lynch syndrome (12).

The gold standard approach for the genotyping of mi-
crosatellites for all the above-mentioned applications relies
on a PCR amplification of microsatellite loci with fluo-
rescent primers followed by capillary electrophoresis frag-
ment analysis (FA) (13,14). More recently, the analysis of
microsatellites has also been performed using next gener-
ation sequencing (NGS) of PCR-amplified libraries (8,15–
17), thereby allowing a higher throughput of analyzed mi-
crosatellite loci but requiring the development of differ-
ent bioinformatics algorithms (18–25). While PCR allows
specific and rapid amplification of microsatellites, it also
induces the presence of undesirable frameshift products
known as stutter or shadow bands/peaks (26–29). These
artifacts, whose formation has been attributed to slipped-
strandmispairing during PCR, aremultiples of the repeated
nucleotide sequence and are generally shorter than the spe-
cific amplification product (26–29). Moreover, the length of
the repeat unit and the number of repetitions of the repeat
unit have been shown to influence negatively and positively
the formation of stutter respectively, so that long mononu-
cleotidemicrosatellites presented generally a higher number
of stutter peaks (1,24,29–31).
The presence of these stutter peaks has rendered diffi-

cult the manual and automatic genotype calling of the mi-
crosatellites, and even more difficult in some complex bio-
logical and clinical contexts such as the genetic fingerprint-
ing of mixed or low template DNA samples in forensics (32)
or the sensitive detection and identification of mutant mi-
crosatellite alleles in microsatellite unstable (MSI) cancer
(14,33). Some attempts to decrease the formation of stut-
ter peaks during the PCR amplification have been made,
including the modification of pH, dNTP andMg2+ concen-
trations or the use of different proofreading polymerases,
but with limited success (29,34). Only the use of a lower
elongation temperature at 37◦C during the PCR has shown
a decrease of stutter formation, but requires a new addition
of a thermolabile DNA polymerase after each denaturation
step, which is laborious, time-consuming and incompatible
for most applications (34). Thus, in order to deal with stut-
ter peaks and to overcome the difficulties of microsatellite
allele calling due to them, several complex post-PCR anal-
ysis approaches have been developed for fragment analysis
and next generation sequencing data, notably in the fields
of forensics and cancer diagnosis (14,33,35–40), while the
PCR remained the standard method for microsatellite am-
plification.
Several approaches based on isothermal amplification of

nucleic acids have been developed as alternatives to PCR
(41). Among them recombinase polymerase amplification
(RPA) is a very simple, rapid and convenient isothermal
amplification approach for the amplification of DNA per-
formed between 37 and 42◦C whose applications to date
have focused principally on the detection of pathogens
(virus, bacteria, fungi and parasites) or genetically modi-
fied crops (42,43). The principle of RPA relies on the re-
peated action of recombinase proteins that bind to primers
and guide them to the complementary DNA sequence
where they hybridize (42,43). The displaced DNA strand
is then stabilized by single-strand DNA binding proteins

(SSBP) while the primer extension is mediated by a DNA
polymerase with strand-displacement activity resulting in
isothermal amplification of DNA (42,44).
In the present study and for the first time, we replaced

PCR by low temperature isothermal amplification based
on RPA for the amplification of microsatellites. We first
compared the formation of stutter peaks between PCR
and RPA using the stutter ratio (SR) and HT17, a T17

mononucleotide repeat microsatellite of great clinical in-
terest in oncology. It presents a higher sensitivity for MSI
detection compared to the gold standard pentaplex panel
(45) and also carries prognostic and predictive informa-
tion of the response to chemotherapy (5-FU and oxali-
platin) (46,47). The effects of several RPA reaction param-
eters (Mg(OAc)2 concentration, temperature, duration and
DNA template quantity) were evaluated on SR to identify
the optimal reaction conditions. We further tested whether
low-temperature RPA (LT-RPA) was applicable to several
other mono- to tetra-nucleotide repeat microsatellites, in-
cluding tri-nucleotide repeat microsatellites known to form
secondary structures, and measured the SR reduction com-
pared to PCR. The ability of multiplexing of LT-RPA was
also assessed as well as the improvement of allele calling
in four blood samples genotyped by LT-RPA combined to
capillary electrophoresis or amplicon sequencing. Finally
we evaluated LT-RPA in the context of disease diagnosis,
including the detection of expanded triplet repeats in Hunt-
ington disease and MSI in cancer. The limit of detection of
MSI obtained with LT-PRA and PCR was estimated and
compared using dilution series of cancer cell lines bearing
different HT17 mutations. Moreover, HT17 LT-RPA assay
was tested on several fresh frozen and FFPE tumor samples
of colorectal cancer patients to evaluate its potential appli-
cation to MSI detection in routine clinical testing.

MATERIALS AND METHODS

Cell lines and dilution series

The CEPH lymphoblastoid cell line 0144711 (NA12762)
from a male donor of CEU/UTAH population bearing
a T17/T17 homozygous genotype for HT17 was used
for all optimization experiments. For dilution series, dif-
ferent CEPH lymphoblastoid cell lines from individuals
of CEU/UTAH population bearing T16/T16 homozy-
gous genotypes for HT17 were used including 0145412
(NA12812), 0145413 (NA12813), 0145414 (NA12814) and
0145613 (NA12829). All DNA of CEPH cell lines were pro-
vided by the CEPH Biobank.
Four CRC cell lines with MSI phenotype harboring dif-

ferent HT17 deletions were used in this study: SNU-1
(T15/T15), HCT-15 (T13/T14), LoVo (T12/T12) and Co-
115 (T10/T11). Each cell line DNA was diluted serially
into DNA from CEPH lymphoblastoid cell lines harboring
T16/T16 genotypes to the following fractions of mutations:
50%, 25% 10%, 5%, 1%.

Human blood samples

Peripheral blood samples were obtained from the French
blood bank, EFS (Etablissement Français du Sang, Paris,
France) and were derived from four healthy donors. Buffy
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coats were obtained from blood after 10 min centrifugation
at 1600g and frozen at−80◦CbeforeDNAextraction.DNA
extraction was performed using the QIAmp DNA blood
mini Kit (Qiagen) on a QIAcube robotic workstation (Qia-
gen) according to themanufacturer’s instructions. Informed
consent was obtained from all donors and all methods were
performed in accordance to French laws and recommenda-
tions of the French National Committee of Ethics (Comité
Consultatif National d’Ethique pour les Sciences de la Vie
et de la Santé).

Patient colorectal cancer samples

The cohort consisted of 20 CRC patients (12 fresh frozen
and 8 FFPE tumor samples) with well-differentiated col-
orectal cancer who underwent surgery at Saint-Antoine
hospital, Paris, France. Tumor samples were snap-frozen
in liquid nitrogen or formalin-fixed and paraffin embedded
and stored in the Biobank of this Hospital. DNA isolation
was performed using the QIAamp DNAMini Kit (Qiagen)
or QIAamp DNA FFPE kit (Qiagen) for fresh frozen or
FFPE samples respectively, according to themanufacturer’s
instructions. The use of clinical and pathologic records was
in agreement with French laws and ethical guidelines related
to the protection of the patient.

DNA quantification and primer design

The DNA quantification was performed using nan-
odrop 2000c (Thermo scientific, Wilmington/USA) or the
Qubit™ dsDNA HS assay Kit on a Qubit 3 Fluorometer
(ThermoFischer Scientific) according to themanufacturer’s
instructions. All the primers used in this study have been ei-
ther designed with Beacon Designer 8 (PREMIER Biosoft)
or taken from previous publications (Supplementary Table
S1) and were purchased from EurofinsGenomics.

Polymerase chain reaction (PCR)

Standard real-time PCR was performed on a LightCycler
480 II thermocycler (Roche Applied Science). From 50 pg
to 20 ng of genomic DNA were used as template in a 20
�l PCR mix including 1x HotStarTaq DNA polymerase
Buffer, 1.6 mM of additional MgCl2, 200 �M of dNTPs,
200 nM of each primer, 2 �M of SYTO9 as fluorescent dye
(Invitrogen) and 0.8 U of HotStarTaq DNA polymerase
(Qiagen). An initial denaturation step was performed for
10 min at 95◦C, followed by 50 cycles of 30 s denaturation
at 95◦C, 30 s annealing (58–68◦C) and 20 s elongation at
72◦C. The final step included a melting curve (five acquisi-
tions per degree) from 65 to 95◦C. For multiplex PCR 200
nM of each primer (HT17, NR24 and BAT26) was added.
For small-pool PCR, the reactions were performed in 384-
well PCR plates in a final reaction volume of 10 �l using
about 1 pg of DNA per reaction and the same PCR condi-
tions described above.

Recombinase polymerase amplification (RPA)

Isothermal amplification of DNA by RPA was performed
using TwistAmp™ Liquid basic or TwistAmp™ basic Kits

(TwistDx™). From 500 pg to 10 ng of DNA were used
as template in the RPA reaction in a final volume of 10
�l. The RPA mix using TwistAmp™ Liquid basic Kit in-
cluded 1× Reaction buffer, 230 �M dNTP, 1x Basic E-mix,
480 nM of each primer added in that order followed by
homogenization with pipetting, supplementation with 1x
COREReactionMix and templateDNA. From 5 to 14mM
Mg(OAc)2 were added in the reaction followed by 10–40
min incubation at 25–42◦C in a preheatedMastercycler Pro
S (Eppendorf) and 2 min at 95◦C for enzyme inactivation.
For TwistAmp™ basic Kit RPA reaction, the dried pellets,
which are provided for a reaction volume of 50 �l, were re-
suspended in 29.5 �l of buffer. The mix was aliquoted in
8.5 �l and supplemented with 5 ng of DNA and 10.5 mM
of Mg(OAc)2 for a final reaction volume of 10 �l followed
by 40 min incubation at 32◦C in a preheated Mastercycler
Pro S (Eppendorf) and 2 min at 95◦C for enzyme inacti-
vation. For multiplex RPA reaction, 200 nM of NR24 and
BAT26 primers and 100 nM of HT17 primers were added
in the RPA reaction.

Genotyping by capillary electrophoresis fragment analysis

Genotyping of microsatellites was performed on a 3500
Genetic Analyzer (Applied Biosystems) using POP-7 poly-
mer™ and 50 cm capillary array. Genotyping reaction in-
cluded 0.5 �l of 1:25–1:40 PCR or 1:10–1:80 RPA prod-
uct, 0.5 �l of 1:4 GENESCAN-600 LIZ size standard and
9 �l of Hi-Di™ Formamide (Applied Biosystems) and was
heated 5 min at 95◦C then cooled on ice before injection.
Fragment length analysis was performed using the Mi-
crosatellite Default analysis module ofGeneMapper® soft-
ware v5.0 (Applied Biosystems). The stutter ratio (SR) was
calculated as the ratio of peak intensities of the n – 1 stutter
over the n genuine allele expressed in percentage.

DNA amplicon sequencing

PCR (20 ng of DNA) and LT-RPA (5 ng of DNA, 10.5
mM of Mg(OAc)2 and 40 min incubation at 32◦C) ampli-
cons of HT17, NR24, CAT25, BAT26, D2S123, D18S61,
D12ATA63, REN and HPRTII microsatellites (shorter
primers were used for REN and HPRTII and are indicated
in Supplementary Table S1) obtained for each blood sam-
ple were purified using Beckman Coulter™ Agencourt AM-
Pure XP beads (Thermo Fischer Scientific), quantified and
pooled in equimolar ratio. 900 ng of each pool were used for
the ligation of dual-indexed adapters using QIAseq 1-Step
Amplicon Library Kit (Qiagen) and no supplemental PCR
amplification of the libraries was required. Libraries were
assessed for quality and quantity with a Fragment Analyzer
(Agilent) and QIAseq™ Library Quant Assay Kit (Qiagen)
respectively. 50 pM of the pooled libraries were deposited
on an iSeq 100 cartridge (Illumina) together with 20% of
50 pM PhiX control v3 Library (Illumina). Amplicon se-
quencing was performed on an iSeq 100 using 151 cycles of
paired-end sequencing. FastQ files were generated for each
sample using Local Run Manager Software (Illumina) and
the read counts and sequences of each microsatellite allele
were obtained from the aligned reads using an in-house de-
veloped Python code.
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RESULTS

Effects of RPA conditions on stutter formation in HT17 mi-
crosatellite

To evaluate the impact of PCR (Supplementary Figure
S1A) and RPA (Supplementary Figure S1B) on stutter
formation, we compared the SR obtained by FA follow-
ing both DNA amplification approaches in different reac-
tion conditions with the same primers amplifying HT17, a
mononucleotide microsatellite, and using CEPH 0144711,
a lymphoblastoid cell line harboring a T17/T17 genotype.
Four DNA polymerases were evaluated for PCR amplifi-

cation of HT17 microsatellite using two primer pairs (Sup-
plementary Figure S2). Contrary to Phusion U Hot Start
and Q5 High-Fidelity DNA polymerases, HotStarTaq and
PlatiniumTaqDNApolymerases systematically introduced
n – 1/n(S) – 1 stutter peaks of lesser intensity than n/n(S)
genuine allele peaks in samples of any genotype, thereby al-
lowing easy genotype calling (Supplementary Figure S2).
We chose the HotStarTaq DNA polymerase for all other
PCR experiments.
For RPA, we first used 5 ng of DNA template in 10 �l re-

action volume and varied the concentration of Mg(OAc)2
under different temperatures ranging from 25 to 42◦C (Fig-
ure 1A, Supplementary Figure S3). While the SRwas above
88% in our standard PCR conditions (20 ng of DNA tem-
plate in a final volume reaction of 20 �l), a strong decrease
of the SR ranging from 21% to 67% was observed for every
RPA condition tested SR (Figure 1A and B). The results
showed that the SR was directly under the influence of tem-
perature and of Mg(OAc)2 concentration (Figure 1A). The
SR gradually decreased with decreasing RPA temperature
with the lowest SR value of 21% obtained at 27◦C, while the
decrease of Mg(OAc)2 concentrations increased the SR for
RPA temperature below 32◦C or over 37◦C (Figure 1A).

We also evaluated the effect of the DNA template quan-
tity on RPA and on stutter formation compared to PCR us-
ing 10 ng to 50 pg of DNA input. We observed an increase
of the SR for decreasing quantity of template DNA under
PCR, i.e. 89% for 10 ng of DNA to 106% with 50 pg of
DNA, associated with an increased variability (Figure 1B,
Supplementary Figure S4A). Thus, the genuine n allele peak
could be lower than the n – 1 stutter peak for DNA input
<500 pg, which could complicate the correct genotype call-
ing for HT17 (Figure 1B, Supplementary Figure S4A). On
the contrary, when RPAwas used on decreasing quantity of
DNA template, the SR remained constant (∼ 24%) and the
genotyping of HT17 remained easy in spite of an increased
variability of the SR for inputs 500 pg (Figure 1C, Supple-
mentary Figure S4A). Finally, we evaluated the effect of dif-
ferent durations of the RPA reaction on the stutter forma-
tion and observed that the SR decreased with the increase
of the duration of the reaction (Figure 1D, Supplementary
Figure S4B).
Taken together these results indicate that low tempera-

ture RPA have reduced the formation of stutter peaks in
HT17 and that a minimum duration of at least 30 min is re-
quired to achieve the lowest SR. Contrary to PCR, LT-RPA
can also amplify HT17 with inputs as low as 50 pg with-

out any shift of the majority allele. Thus, the optimal HT17
RPA reaction included 5 ng ofDNA template with 10.5mM
ofMg(OAc)2 at 32

◦Cduring 40min. Themicrosatellite pro-
files obtained by LT-RPA are greatly simplified for every
HT17 genotype allowing an easy allele calling (Figure 1E).

Evaluation of LT-RPA on stutter formation using different
mono- to tetra-nucleotide repeat microsatellites

In order to evaluate the effect of RPA on the formation
of stutter peaks compared to PCR in microsatellites other
than HT17, we performed RPA on mono- (NR24, CAT25
and BAT26), di- (D18S61 and D2S123), tri- (D12ATA63)
and tetra- (RENandHPRTII) nucleotide repeatmicrosatel-
lites using the same CEPH cell line. When PCR was used,
SRs of variable magnitudes were observed ranging from 5%
to 120% that varied according to the type of microsatel-
lite (mono- to tetra- nucleotide repeat) and to the num-
ber of repetitions (Figure 2A and B). Thus, the mono- and
di-nucleotide microsatellites presented higher SR (≥ 70%)
compared to tri- to tetra-nucleotide microsatellites (≤20%)
while smaller S alleles presented lower SR compared to
larger L alleles (Figure 2A).

For the LT-RPA of the microsatellites 5 ng of DNA were
used with 10.5 mM Mg(OAc)2 at 32◦C during 40 min.
Lower SRs (0% ≤ SR ≤ 49%) were observed for all tested
microsatellites when the amplification was performed with
LT-RPA compared to PCR (Figure 2A). Moreover the for-
mation of stutter peaks was sometimes completely abol-
ished for the small S allele of D18S61 and for the tri- and
tetra-nucleotide repeat microsatellites (D12ATA63, REN
and HPRTII), while it remained quite high for CAT25
(49%) and BAT26 (37%), that are two long mononucleotide
microsatellites (Figure 2A). While the differences of SR
between PCR and LT-RPA were higher for mono- and
di-nucleotide repeat microsatellites (Supplementary Figure
S5A), the SR reductions were the highest for the tri- and
tetra-nucleotide repeat microsatellites (Supplementary Fig-
ure S5B). Thus, LT-RPA reduced the stutter formation and
simplified the profile of every testedmicrosatellite compared
to PCR that allowed an easier identification of the genuine
alleles, notably for the mononucleotide repeat microsatel-
lites for which the n –1 stutter peak were higher than the
genuine n allele peak (Figure 2C).

The capacity of multiplexing of LT-RPA was also eval-
uated by combining the NR24, HT17, and BAT26 sim-
plex assays in a triplex LT-RPA assay. These microsatel-
lites were selected because they present different amplicon
lengths allowing their separation by capillary electrophore-
sis. The multiplex LT-RPA conditions were the same as the
simplex LT-RPA conditions except for the concentration of
primers that were adjusted so that the final concentration of
all primers (sum of the three pairs of primers) equaled the
primer concentration in a simplex assay. Thus, both mul-
tiplex LT-RPA reactions allowed the amplification of the
three microsatellite loci and their separation by capillary
electrophoresis while maintaining the strong reduction of
stutter peaks, indicating that LT-RPA is compatible with
multiplexing (Figure 2C).
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Figure 1. Effect of the variation of RPA conditions on stutter ratio (SR) compared to PCRusingHT17microsatellite. (A) RPA ofHT17 using 5 ng of DNA
of CEPH 0144711 T17/T17 cell line and 40 min incubation and variable concentrations of Mg(OAc)2 (5 mM to 14 mM) and of isothermal amplification
temperatures (25–42◦C). (B) PCR amplification of HT17 using 50 pg to 20 ng of DNA of CEPH 0144711 T17/T17 cell line. (C) RPA of HT17 using 50
pg to 10 ng of DNA of CEPH 0144711 T17/T17 cell line, 10.5 mM of Mg(OAc)2 at 32

◦C during 40 min. (D) RPA of HT17 using 5 ng of DNA of CEPH
0144711 T17/T17 cell line, 10.5 mM of Mg(OAc)2 at 32◦C during 10 to 40 min. (E) HT17 microsatellite profiles obtained after PCR and RPA (32◦C
incubation during 40 min with 10.5 mM of Mg(OAc)2) using 20 ng and 5 ng DNA respectively of CEPH cell line harboring the three WT genotypes. Blue
dotted lines indicate the HT17 alleles present in the WT cell lines used. Blue and orange peaks correspond to HT17 microsatellite and 140 nucleotide size
standard respectively. All experiments were performed in triplicate (B–D), quadruplicate (A) or sextuplicate (B-C, for 50 pg).
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Figure 2. Effect of LT-RPA on stutter peak formation using mono- to tetra-nucleotide repeat microsatellites and CEPH 0144711 cell line. (A) Stutter ratio
obtained with PCR (20 ng of DNA) and RPA (5 ng DNA, 10.5 mM Mg(OAc)2 and 40 min incubation at 32◦C). (B) Microsatellite profiles of the tested
mono- to tetra-nucleotide repeat microsatellites using CEPH 0144711 cell line. (C) Multiplexing of PCR and low temperature RPA using NR24, HT17
and BAT26 assays and CEPH 0144711 cell line. n(S) and n(L) indicate the small and large allele of a same microsatellite respectively. NRMS, nucleotide
repeat microsatellites. All experiments were performed in quadruplicates.

Evaluation of the mono- to tetra-nucleotide repeat mi-
crosatellite LT-RPA assays on blood samples of healthy in-
dividuals

We evaluated the different mono- to tetra-nucleotide repeat
microsatellite assays on four blood samples from healthy
donors using either PCR (20 ng of DNA in 20 �l) or LT-
RPA (5 ng of DNA and 10.5 mM of Mg(OAc)2 in 10 �l at
32◦C). Compared to PCR, a simplification of the profiles of

all tested microsatellites was visible with LT-RPA due to the
decrease (mono- and di-nucleotide repeatmicrosatellites) or
disappearance (tri- and tetra-nucleotide repeat microsatel-
lites) of stutter peaks (Figure 3 and Supplementary Figure
S6). In all cases, the alleles were clearly identifiable and the
genotype calling was much easier with LT-RPA than with
PCR (Figure 3A and Supplementary Figure S6). Thus, the
identification of both alleles of BAT26 in B1 and of D18S61
in B3 were quite complicated after PCR but were very easy
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Figure 3. Microsatellite profiles of BAT26, D18S61 and D12ATA63 obtained with four blood samples (named B1, B2, B3 and B4) from healthy individ-
uals using PCR (20 ng of DNA in 20 �l) and LT-RPA (5 ng of DNA and 10.5 mM of Mg(OAc)2 in 10 �l at 32◦C). (A) Profiles obtained by capillary
electrophoresis fragment analysis. (B) Profiles obtained by amplicon sequencing. Capillary electrophoresis experiments were performed in duplicates and
a representative profile is shown for each duplicated experiment. For amplicon sequencing experiments, the y-axis indicates the read counts for each alleles
on a scale of 0–100. NRMS, nucleotide repeat microsatellite.

with LT-RPA (Figure 3A). Moreover, for the D12ATA63
microsatellite assay, a strong PCR amplification bias was
observed between the small and the large alleles. The large
allele tended to disappear as the gap between the two alle-
les increased and this could result in false genotype calling
(Figure 3A). On the other hand, both alleles of D12ATA63
microsatellite were always clearly visible when LT-RPA was
used which should allow to avoid potential genotyping er-
rors (Figure 3A).
To further confirm these results and to identify precisely

the repeated nucleotides in each allele, we performed am-
plicon sequencing of the nine microsatellites. PCR and LT-
RPA amplicons were amplified, pooled by sample and am-
plification method and ligated to dual-indexed adapters be-
fore being sequenced on an iSeq 100 with an average depth
of 27 000× (Supplementary Table S2). The microsatellite
profiles obtained by amplicon sequencing were almost iden-
tical to fragment analysis profiles for all samples except
for D18S61 in sample B4 that appeared homozygous by
capillary electrophoresis and heterozygous by amplicon se-
quencing (Figure 3B and Supplementary Figure S7). This
was explained by a 2 bp deletion corresponding to a rare

polymorphism (rs139180351) located 37 nucleotides down-
stream the microsatellite in the larger allele resulting in two
different amplicons of the same length in capillary elec-
trophoresis experiments. Amplicon sequencing also allowed
the accurate sequence identification of each microsatellite
allele that was not feasible for compound microsatellites
(D18S61, D2S123 and D12ATA63) by fragment analysis
(Supplementary Table S3).

Amplification of tri-nucleotide repeat microsatellites impli-
cated in triplet repeat diseases by LT-RPA

Weassessed the effect of LT-RPAon the amplification of tri-
nucleotide repeat microsatellites presenting repeat motifs
(CGG, CTG, CAG and GAA) that are known to form sec-
ondary structures and whose allele expansion is responsi-
ble for several genetic diseases (48,49). We selected four mi-
crosatellites implicated in fragile X syndrome, Huntington
disease like 2, Huntington disease and Friedrich ataxia that
are located in FMR1 (CGG repeat), JPH3 (CTG repeat),
HTT (CAG repeat) and FXN (GAA repeat) genes respec-
tively. Concerning FMR1, we were not able to amplify the
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microsatellite by LT-RPA, despite the addition of DMSO
(3% to 9%), the use of five different primer pairs and the in-
crease of reaction duration (40 min to 3 h) and temperature
(32–42◦C), indicating that CG-rich templates could prevent
DNA amplification by RPA (data not shown). On the con-
trary, CTG andGAA triplet repeats were easily amplified in
the standard LT-RPA conditions and presented a strong re-
duction of the stutter peaks compared to PCR in blood and
CEPH cell line DNA samples (Supplementary Figure S8).
Of note, the GAA triplet repeat located in FXN is contigu-
ous to an A16 microsatellite explaining the compound mi-
crosatellite profile (Supplementary Figure S8). The ampli-
fication of HTT CAG trinucleotide microsatellite was also
feasible with LT-RPA and also induced a reduction of stut-
ter artifacts compared to PCR (Supplementary Figure S9).
However, it required an increase of reaction duration (90
min) and temperature (37◦C) in order to enhance the am-
plicon yield and reduce slight background noise present on
the baseline at 32◦C respectively. In the three cell lines de-
rived from Huntington disease patients, LT-RPA allowed
the detection of HTT CAG-expanded alleles with less am-
plification bias in favor of the short allele compared to PCR
(Supplementary Figure S9).

HT17 LT-RPA on serial dilutions of cancer cell lines with
MSI phenotype

In order to evaluate the potential benefit of low temperature
RPA on the detection of MSI in cancer, we performed PCR
and LT-RPA experiments using HT17 on serial dilutions
of MSI cancer cell lines bearing different HT17 mutations
(T10 to T15) mixed with wild-type T16/T16 cell lines to the
following fractions: 50%, 25%, 10%, 5%, 1%. After PCR,
the limit of detection (LOD) of MSI was dependent of the
length of HT17 deletion so that large deletions presented
lower LOD, due to the presence of stutter peaks (n –1 and
lower) of the T16 WT alleles that masked the presence of
mutant alleles (Figure 4 and Supplementary Figure S10A).
Thus, a LOD of 5%, 10%, 25% and 50% was observed for
Co-115, LoVo, HCT-15 and SNU-1 respectively (Figure 4).
When LT-RPA was used on the cell line dilutions, an im-
provement of the LOD was observed from T12-T15 mu-
tant alleles while larger deletions (T10–T11) presented the
same LOD as for PCR (Figure 4 and Supplementary Fig-
ure S10B). Due to the reduction (n – 1) or disappearance
(n – 2 and lower) of stutter peaks, the LOD of MSI de-
creased to 5% for LoVo and HCT-15 and to 25% for SNU-
1, while it remained at 5% for Co-115 (Figure 4). Moreover,
the simplification of the microsatellite profile with LT-RPA
allowed an easy identification of the mutant alleles, notably
forHCT-15where the presence of stutter peaks complicated
the mutant allele identification (Figure 4 and Supplemen-
tary Figure S10). Thus, replacing PCR by LT-RPA simpli-
fied and improved the detection of MSI.

HT17 LT-RPA testing in fresh frozen and FFPE tumor sam-
ples of dMMR CRC patients

A collection of 20 genomic DNAs extracted from fresh
frozen and FFPE CRC samples previously assessed as
MMR deficient by IHC was evaluated for the detection

Figure 4. HT17 LT-RPA improves the limit of detection ofMSI compared
to PCR. PCR (20 ng of DNA) and LT-RPA (5 ng of DNA and 10.5 mMof
Mg(OAc)2 at 32

◦Cduring 40min) experiments were conducted on dilution
series of cancer cell lines (50%, 25%, 10%, 5% and 1%) harboring T10 to
T15 HT17 mutant alleles mixed with T16/T16 WT CEPH cell lines. Only
HT17 profiles of the fractions corresponding to the limit of detection of the
mutant alleles are shown. Arrows indicate for each cancer cell line used the
lowest amount ofmutant alleles visible inmutant profiles compared toWT,
defining the limit of detection of MSI for each type of mutation. Red and
blue dotted lines indicate HT17 genotype of cancer andWT cell lines used
respectively. Orange peaks correspond to 140 nucleotide size standard. All
experiments were performed in triplicates.

of MSI using HT17 PCR and LT-RPA assays (Figure 5
and Supplementary Figure S11). All LT-RPA reactions per-
formed well whether with fresh frozen or FFPE samples
indicating that the use of degraded DNA extracted from
FFPE samples did not affect RPA reactions. After stan-
dard PCR, MSI was detectable in most CRC samples (17
out of 20) except for three samples (S10, S11 and S12) for
which the mutant alleles were difficult to distinguish from
the stutter peaks as they were located in the stutter peak
tail (Figure 5 and Supplementary Figure S11). Moreover,
although the detection of MSI was easily performed with
PCR, the precise identification of the mutant HT17 alleles
was sometimes complicated due to the presence of stutter
peaks (Figure 5 and Supplementary Figure S11). On the
contrary, MSI was detected in all the CRC samples after
LT-RPA, and the identification of the genuine mutant alle-
les wasmuch easier compared to PCR, due to the absence of
most stutter artefacts (Figure 5 and Supplementary Figure
S11). Of note, while the microsatellite profiles obtained by
PCR for samples S11 and S12 are nearly indistinguishable,
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Figure 5. Detection of MSI in 12 fresh frozen MMR-deficient CRC samples (S1-S12) using HT17 microsatellite and LT-RPA and PCR. Blue dotted lines
indicate the two possible WT alleles for HT17. Arrowheads indicate mutant alleles clearly visible and/or identifiable in the HT17 profile obtained with low
temperature RPA but not with PCR. All experiments were performed in duplicates.

LT-RPA allowed a clear identification of T14 and T13/T14
mutant alleles in sample S11 and S12 respectively (Figure
5). Thus, these results demonstrated that LT-RPA improved
MSI detection and identification inCRC samples compared
to PCR.
MSI detection was further assessed in CRC samples S10,

S11 and S12 and three control cell line samples by small-
pool PCR (SP-PCR), a method based on multiple PCR ex-
periments using 0–3 genome equivalents allowing to lower
the LOD of MSI (14,50,51). 384 PCR reactions were per-
formed per sample and resulted in 16–42% positive PCR,
most of which (76–91%) being amplified from a single
molecule (Supplementary Table S4). The expected genuine
WT and/or mutant alleles were found in the three control
samples but also a smaller proportion of −1 and/or +1/+2
alleles (Supplementary Table S4), which was probably due
to a stochastic effect of very low-template PCR known as
allele drop-in (32,52). In the three CRC samples MSI was
easily detected by SP-PCR, thereby confirming LT-RPA re-
sults (Figure 5 and Supplementary Table S4). While SP-
PCR identified additional mutated alleles compared to LT-
RPA (T12 in S10 and T13 in S11), they could also result
from allele drop-in (Figure 5 and Supplementary Table S4).

DISCUSSION

Since their discovery, the analysis of microsatellites has al-
ways been challenging in spite of the constant evolution of
the different genotyping technologies, from capillary elec-

trophoresis fragment analysis (FA) to next-generation se-
quencing (NGS). One of the main source of difficulty and
inaccuracy of microsatellite allele calling came from the
presence of stutter peaks introduced during the PCR and
attributed to slipped-strand mispairing that greatly compli-
cated the microsatellite profiles obtained by FA or NGS
(14,32–34,36,37). In 1996, Hite et al., showed that a de-
crease of the elongation temperature to 37◦C during the
PCR reduced the stutter artifacts but required the addi-
tion of a new thermolabile DNA polymerase at each cycle,
thereby rendering this method incompatible to most appli-
cations (34). Since then, no improvement in the amplifica-
tion of microsatellites has been proposed to reduce the for-
mation of stutter peaks, while the efforts to deal with these
artifacts were mainly focused on the development of com-
plex post-PCR analysis approaches (14,33,36–40).
In the present study, we presented an alternative to PCR

for the amplification of microsatellites, that is easier-to-
handle and with a faster time-to-result. It relied on the low
temperature isothermal amplification of microsatellites us-
ing RPA that drastically reduced and sometimes completely
abolished the formation of stutter artifacts depending on
the type (mono- to tetra-nucleotide repeat microsatellites)
or the number of repetitions (Figures 1 and 2). We chose
RPA among the isothermal methods, as it allows an am-
plification of DNA at temperatures lower than 42◦C while
most of the others required a higher reaction temperature
that would have no or little effects on SR (41). For example,
loop-mediated isothermal amplification (LAMP) has al-
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ready been evaluated onmicrosatellites with a reaction tem-
perature of 55◦C without reducing the formation of stutter
peaks compared to PCR (53). Similarly, the reduction of
the annealing and elongation of PCR at 56◦C had only pro-
duced a very slight reduction of the stutter peaks compared
to the standard PCR (54).
Using LT-RPA, we obtained a strong reduction of the

stutter peak formation and of SR that tended to completely
disappear for tri- and tetra-nucleotide repeat microsatel-
lites, thereby greatly simplifying the profile of microsatel-
lites and the identification of the genuine alleles compared
to PCR (Figures 1 and 2). This was particularly true when
the n – 1 stutter peak became higher than the n genuine al-
lele peak with PCR but never with low temperature RPA, as
showed for PCR with low quantity of DNA template (Fig-
ure 1), a well-known phenomenon already described in the
literature (32) or for PCR on long mononucleotide repeat
microsatellites such as NR24, CAT25 and BAT26 (Figure
2). In both cases, the n allele peak remained the highest with
LT-RPA. However, it should be noted that our PCR condi-
tions may not be optimized to produce the least stutter ar-
tifacts and that SR differences between PCR and LT-RPA
may be lower under other PCR conditions. Moreover, since
tri- and tetra-nucleotide repeat microsatellites present only
few stutter peaks when amplified by PCR, the major ad-
vantage of LT-RPA for the reduction of stutter artifact for-
mation concerns mono- and di-nucleotide microsatellites.
We also evaluated LT-RPA on blood samples from healthy
individuals that allowed easier and unbiased calling of al-
leles and genotypes for every microsatellite compared to
PCR (Figure 3), which could potentially greatly improve the
automatic genotyping from capillary electrophoresis frag-
ment analysis data. Moreover, we showed that multiplexing
the microsatellite assays was easily feasible with LT-RPA,
which could be particularly useful to interrogate multiple
loci when limited amount of DNA is available. Contrary to
multiplex PCR, primers with similar annealing temperature
were not required with multiplex LT-RPA. We also showed
that LT-RPA allowed the amplification of CAG, CTG and
GAA trinucleotide repeat microsatellites (Supplementary
Figures S8 and S9) but not CGG triplet repeat, the latter be-
ing a CG-rich sequence that is particularly difficult to am-
plify by PCR (55). The expansion of these triplet repeats
is implicated in several genetic disorders (48,49) and we
showed that the detection of HTT CAG expanded repeats
was possible by LT-RPA (Supplementary Figure S9), sug-
gesting that this isothermal amplification approach could
be used for the diagnosis of trinucleotide repeat disorders.
Our general recommendations for the design of a RPA

microsatellite assay are first to design the primers the same
way as for a PCR assay. Thus, the PCR assays used were
fully compatible with RPA without any sequence modifica-
tion. The use of longer primers (30–35 nucleotides) can also
be performed as recommended in the original RPA study
and by the manufacturer (42,44) but is not mandatory. To
optimize the reaction conditions, we recommend a dura-
tion of RPA reaction of at least 30 min and an evaluation
of different temperatures between 30◦C and 37◦C to obtain

the lowest SR. We did not notice any difference in terms of
performance between the TwistAmp™ Liquid basic and the
TwistAmp™ basic Kits, but the TwistAmp™ basic Kit was
easier to handle under optimized LT-RPA conditions. The
only critical step in RPA was the addition of the Mg(OAc)2
that needed to be performed just before the incubation on
a preheated thermocycler because its addition starts the re-
action.
In the context of cancer diagnostics, we showed that

replacing PCR by LT-RPA for the amplification of mi-
crosatellites could easily improve and simplify the detection
of MSI. Using HT17, a quasi-monomorphic marker with
improved sensitivity (98.4% against 95.1%) for MSI detec-
tion in CRC compared to the gold standard pentaplex panel
(45), the LOD ofMSI was improved, notably for small dele-
tions that were masked by the stutter peaks (Figure 4). Due
to the reduction of stutter peaks, the identification of the
WT and mutant alleles were easier and could also bene-
fit to CRC patients, as the HT17 mutant alleles bear pre-
dictive information of the response to chemotherapy (5-FU
and oxaliplatin) depending on the length of HT17 deletions
(46,47). LT-RPA was successfully evaluated on three dif-
ferent types of clinical samples that included blood from
healthy donors (Figure 3), fresh frozen and FFPE tumor
samples of CRC patients (Figure 5 and Supplementary Fig-
ure S11), suggesting that the method could be easily used
and implemented in routine clinical testing. Thus, the use of
LT-RPA for MSI detection might be valuable in oncology,
especially since the regain of interest forMSI after the recent
discovery thatMSI is a predicator of the efficacy of immune
checkpoint blockade therapy in solid tumors (8,10,11). Fur-
ther validation studies on larger cohorts of patients will
need to be performed in order to evaluate the benefits of
LT-RPAover PCR for the detection ofMSI in cancer. Com-
pared to small-pool PCR, LT-RPA is easier-to-handle with
a shorter time-to-result but presents a limit of detection of
MSI that cannot be decreased <5% of mutant alleles in the
standard conditions (Figures 4 and 5 and Supplementary
Table S4). However, we also expect the rapid adaptation to
LT-RPA of several PCR-based approaches improving the
limit of detection of MSI in cancer such as small-pool PCR
(51), HRM (56), E-ice-COLD-PCR (33), NaME-PrO (57)
or NaMSIE (58), that could be required in some clinical ap-
plications (e.g. to detect MSI in blood, plasma, precancer-
ous lesions, tumors with high level of stromal cell contam-
ination or heterogeneous tumors where only a small subset
of the tumor cells presents MSI).
More recently, NGS has allowed to increase the num-

ber of analyzed microsatellites compared to capillary elec-
trophoresis from a few dozens to almost all microsatel-
lites in several different applications including MSI detec-
tion in cancer (8,14–17). However in spite of this improve-
ment, the analysis of microsatellites fromNGS data is chal-
lenging due to multiple errors inherent in the method of
library preparation and sequencing-by-synthesis of short-
reads (24,59). Moreover the sequencing libraries for whole
genome, whole exome and targeted gene sequencing are
mostly based on PCR amplification, thereby introducing
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stutter artifacts leading to inaccurate microsatellite allele
calling and requiring the development of different com-
putational approaches and bioinformatics correction algo-
rithms (18–25). To overcome these difficulties, the use of a
PCR-free protocol for the preparation of NGS libraries has
shown a reduction of the formation of stutter artifacts up to
nine fold compared to PCR-containing protocols and has
improved the accuracy of microsatellite genotyping from
NGS data (24). However, the use of this protocol is cur-
rently limited to whole genome sequencing. The use of low
temperature RPA could also be an alternative to PCR for
library preparation of NGS experiments that could greatly
reduce the errors and complexity ofmicrosatelliteNGSdata
and simplify downstream analyses. This was exemplified in
our study by the results of amplicon sequencing showing
simplified microsatellite profiles and an improvement of al-
lele calling with LT-RPA compared to PCR (Figure 3B and
Supplementary Table S3).

CONCLUSION

In summary, we have developed an easy, rapid and cost-
effective low isothermal amplification approach based on
RPA of microsatellites that drastically reduces the forma-
tion of stutter artifacts and greatly simplifies the microsatel-
lite profiles obtained by capillary electrophoresis, thereby
improving the calling of the microsatellite alleles. Applied
to the detection of MSI in CRC, it improves the limit of
detection of small deletions and allows an easy identifica-
tion of the mutant alleles that enhances the assessment of
MSI in clinical samples. Due to its simplicity, low temper-
ature RPA of microsatellites has a strong potential for rou-
tine clinical diagnosis and also for numerous other basic or
translational applications where microsatellite genotyping
is required. Thus, low temperature RPA may be considered
as a better alternative to PCR for the amplification of mi-
crosatellites.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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