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Objectives: Microsatellite instability (MSI) is the condition of genetic hypermutability
caused by spontaneous acquisition or loss of nucleotides during the DNA replication. MSI
has been discovered to be a useful immunotherapy biomarker clinically. The main DNA-
based method for MSI detection is polymerase chain reaction (PCR) amplification and
fragment length analysis, which are costly and laborious. Thus, we developed a novel
method to detect MSI based on next-generation sequencing (NGS) data.

Methods:We chose six markers of MSI. After alignment and reads counting, a histogram
was plotted showing the counts of different lengths for each marker. We then designed an
algorithm to discover peaks in the generated histograms so that the peak numbers
discovered in NGS data resembled that in PCR-based method.

Results: We selected nine samples as the training dataset, 101 samples for validation,
and 68 samples as the test dataset from Chifeng Municipal Hospital, Inner Mongolia,
China. The NGS-based method achieved 100% accuracy for the validation dataset and
98.53% accuracy for the test dataset, in which only one false positive was detected.

Conclusions: Accurate MSI judgments were achieved using NGS data, which could
provide comparable MSI detection with the gold standard, PCR-based methods.

Keywords: microsatellite instability (MSI), NGS, PCR-based methods, peak discovery, Smoothing
INTRODUCTION

DNA mismatch repair (MMR) system is able to correct length-altering mutations during DNA
replication. MMR dysfunction leads to insertion/deletion mutations in repeats of short non-coding
microsatellites (1–6 bp). The spontaneous acquisition or loss of nucleotides in repetitive DNA
sequence tracts is considered microsatellite instability (MSI). Inactive germline mutations in the
MMR pathways (including MSH2, MSH6, MLH1, and PMS2) result in deficient MMR, which
usually occurs in patients with Lynch syndrome (LS), and somatic promoter hypermethylation of
MLH1 in the sporadic cancers (1, 2).

MSI analysis is useful in clinical implications for patients with colorectal cancer (CRC) such as
classification of LS (2) and prediction of response to 5-fluorouracil–based adjuvant therapy (3),
informing choice for immunotherapy and providing prognosis information (4–7). European Society for
Medical Oncology has recommendedMSI testing for better immunotherapy selection, and the National
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Comprehensive Cancer Network (NCCN) guidelines endorsed
universal MSI or MMR testing for newly diagnosed CRC or
endometrial cancer in 2018 to evaluate suspected patients with LS.

There are two most commonly used methods to determine
MSI status, including immunohistochemistry (IHC) for MMR
proteins and fluorescent multiplex polymerase chain reaction
(PCR) and capillary gel electrophoresis for microsatellite sites.
PCR-based MSI testing is the golden standard method
for detecting MSI status, which is determined by visual
assessment of allele size changes. The National Cancer Institute
recommended to use Bethesda panel with five markers, which
includes two mononucleotide repeats of BAT-25 and three
dinucleotide repeats of D5S346, D2S123, and D17S250 (8). To
compare the length of microsatellite markers between tumor and
matched normal sample, we measure the length of those markers
to determine the MSI status of a tumor sample. Tumors with
altered lengths of two or more markers, one marker, and zero
markers are classified as high MSI (MSI-H), low MSO (MSI-L),
and microsatellite stable (MSS), respectively. An alternative PCR-
based MSI testing panel relies on five poly-A mononucleotide
repeats (BAT-25, BAT-26, NR-21, NR-24, and NR-27). It is
considered more standard because of its high specificity and
sensitivity (9). Another panel containing six mononucleotide
repeats (NR-27, NR-28, Bat-25, Bat-26, NR-24, and Mono-27)
and three pentanucleotide markers (Penta C, Penta D, and Amel)
is also used to detect MSI status (10).

IHC-based MMR detection method is practicable and cost-
effective. The loss of IHC expression of an MMR protein reveals
the status of a specific target gene in the confirmatory testing.
However, accurate interpretation of staining results requires well-
trained pathologists. Furthermore, some MMR gene mutations
may produce dysfunctional proteins and IHC stain expression,
which leads to a false positive result (11, 12).

Because tissue samples from patients are limited, it is important
to improve the efficiency of the testing. Targeted next-generation
sequencing (NGS) has brought an unprecedented scale of genomic
data, allowing dozens to hundreds of genes to be sequenced
simultaneously and with higher sensitivity for low-prevalence
mutations (13). The main advantage of using NGS to test MSI
status is the ability to determine tumor mutation burden (TMB),
along with other potential targetable alterations simultaneously.
Therefore, NGS-based algorithms have emerged as a new way to
detect MSI status. Several NGS-basedMSI detection methods have
been proposed in recent years (13–15). NCCN recommends to
detect MSI and TMB and genes associated with targeted therapy at
the same time. NGS-based methods can accomplish these tasks in
one single run, but PCR-based method cannot.

Combining NGS with analysis tools, such as MSIsensor, one
can reliably infer MSI status from large-panel targeted NGS data
(14). Here, we developed a new algorithm to detect MSI status
based on NGS data. Moreover, our algorithm supplied the
unstable markers in an explainable way, which might bring
new insights into the therapies for cancer patients. Since
currently, clinical research tends to combine MSS-L and MSS
as one single status (16), we classify our samples into only MSI-H
and MSI-L samples.
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RESULTS

Sample Collection
A total of 178 samples were collected from Chifeng Municipal
Hospital. The matched clinical data are summarized as Table 1
and detailed information could be found in Supplementary
Table 2. Both tumor and matched blood sample were sequenced
for all patients. This dataset was split by chronological order into a
training set (nine samples), a validation set (101 samples), and a
test set (68 samples). During the hyperparameter tuning phase,
only the training set could be accessed by the algorithm. The
validation set was used to estimate the algorithm’s accuracy. Once
the hyperparameters were optimized, the test set was used to
evaluate the accuracy and generalization ability of the
proposed algorithm.

A schematic of our algorithm is shown in Figure 1.

Peaks From NGS Data Were Similar to
PCR Results
According to the PCR-based method, the numbers of peaks
could be inferred to evaluate the MSI status. Thus, we designed
an algorithm to locate the peaks in the genome to make the peak
numbers inferred by the NGS-based method are close to that
number generated by the PCR-based method.

Our method first extracts read depth information from the
input BAM file, such depth information is visualized as
Figure 2A. We then calculated the peak numbers for NGS
data and compared them with matched PCR results. The
results show that, without any additional manipulations, the
peaks discovered in NGS data are more than those identified in
the PCR result (from 4 to 10 for all samples in the training set,
Figure 2B). Peaks that were only detected in the NGS data are
potential technical noise in the sequencing data caused by
diminishing of light strength linearity (17). Thus, noise
reduction is needed for an accurate peak detection method
developed for the NGS data.

Restricting peak height and smoothing is
helpful for noise removal in NGS data.
Because the NGS data might be noisy, two strategies, restricting
peak height and smoothing, were used to eliminate false peaks.
Restricting peak height is to remove peaks with too low heights
(see Materials and methods for details). The height threshold was
set as a hyperparameter for further tuning. An example applying
the hyperparameters was plotted in Figure 3 to intuitively
display the effects of the two hyperparameters.

The goal of smoothing is to eliminate the noise
caused by sequencing errors and to capture true signals.
TABLE 1 | Summary for samples.

Number of Samples MSI-L MSI-H Total

Training set 9 0 9
Validation set 92 9 101
Test set 65 3 68
Total 166 12 178
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Smoothingor not was set as candidate procedures for further
hyperparameter determination.

Hyperparameter Determination
After creating a set of parameters, we defined a loss function diff
(see Loss function to minimize section in Materials and
methods) to minimize the difference between the actual peak
numbers that detected by PCR method and our algorithm.

We performed grid search for the optimal hyperparameters:
whether smoothing or not combining with the peak height
threshold among 0.1, 0.2, 0.3, …, 3.0. diff values were plotted
against the peak height threshold and smoothing or not in
Figure 4A. The minimum diff value of the smoothing method
is 0.66, whereas the minimum diff of the non-smoothing method
is 0.88. Because a lower threshold guarantees more sensitivity,
the hyperparameters were set as smoothing and 0.2 for peak
height threshold. The differences of the peaks detected in the
NGS and PCR for per sample were plotted in Figure 4B, showing
the algorithm under the optimal hyperparameters could
sufficiently mimic the PCR result.

The Algorithm Performed Well on the
Independent Dataset
The optimized hyperparameters were applied to our algorithm to
find peaks in the NGS data. After peak discovery, the six markers
for each patient were determined as stable or unstable using the
same standards of the PCR-based method, which would finally
result in the classification of MSI status for the patients
Frontiers in Oncology | www.frontiersin.org 3
(see Patient MSI status determination section of Materials and
methods for details).

Finally, we achieved a 100% accuracy for the validation
dataset and 98.53% accuracy for the test dataset, in which only
one false positive result was reported. This indicates that our
algorithm is applicable for clinical diagnosis. We also calculated
the recall and specificity for all cancers for both validation set and
test set. In most cancers, 100% accuracy was achieved. All metrics
were summarized in Supplementary Table 3.

Comparisons to MSIsensor
We compared our algorithm to another MSI detection
algorithm, MSIsensor, which is currently one of the best
algorithms for MSI detection. The same training set, validation
set, and test set were used to choose the threshold for MSIsensor.
Three thresholds, i.e., 3.5%, 20%, and 40%, were chosen as the
candidate. As for the threshold of 3.5%, there was one false
positive in the training dataset. As for the threshold of 20%, there
were 7 false positives, whereas only four false positives were
detected for the threshold of 40%. Thus, 40% was set to the
threshold for MSIsensor. The performances of our method and
MSIsensor were plotted in confusion matrix in Figure 5. As
shown in the validation set, our algorithm outperformed
MSIsensor. However, they were equally accurate in the test set.
One false positive was detected by our algorithm and MSIsensor
separately. However, our algorithm detected 21CF30073 as a
false positive and MSIsensor detected 20CF30697 as a false
positive. Furthermore, as shown in Supplementary Table 2, if
FIGURE 1 | A schematic for MSI detection and algorithm optimization. The dataset was split into three parts: a training set, a validation set, and a test set. The training
set was used to design and optimize the peak-finding algorithm in the NGS data to mimic the PCR result. The validation set was used for determining whether the algorithm
could be generalized to samples beyond the training set. The test set was collected independently to further evaluate the algorithm’s performance.
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we combine the two methods and determine MSI-H only if the
two methods both determined MSI-H for one sample, then 100%
accuracy would be achieved.
MATERIALS AND METHODS

PCR Method to Determine MSI Status
TheMicroreadMSI Kit was used to determine the MSI status. First
the six pairs of primers were used to amplify both tissues from
Frontiers in Oncology | www.frontiersin.org 4
tumor and matched blood as normal. Capillary electrophoresis was
then used to genotype the lengths of the products amplified by the
primers. GeneMapper was finally used to check the peaks manually
to assess whether the tumor tissue consists of unstable markers
compared to the matched normal tissue.

Next-Generation Sequencing
We chose six markers covered by Microread MSI Kit for further
research. The corresponding probes for each marker were listed
in Supplementary Table 1.
A

B

FIGURE 2 | (A) The peaks detected by the PCR method and the NGS method in the tumor sample of 21CF30228. The peaks detected in the PCR data were
shown in the middle [the x-axis is the PCR product length, and the y-axis is the corresponding Relative Fluorescence Units (RFU)], and the peaks detected in the
NGS data were plotted accordingly on the left and right. As shown in the figure, the peaks were similar between the NGS data and the PCR data. (B) The peak
discovered from the raw depth plot has a huge difference between NGS data and PCR data. The peaks’ lengths detected by the PCR are larger than that detected
by NGS. This is due to the shift caused by PCR primer not being adjacent to the repeat sequence of the markers.
June 2022 | Volume 12 | Article 916379
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The capture probes were designed and produced by BOKE
Co., Ltd. The samples were prepared for targeted NGS using BGI
sequencer MGISEQ-2000.

Pipeline for Depth Extraction
To simulate the results from PCR-based method, a histogram of
count for each length is needed. A regular bioinformatics
pipeline was first used for BAM file generation. First,
trimmomatic v0.38 was used to trim adapters. Second, bwa
v0.7.12 aln was used for alignment using hg19 as the reference
genome. SAMtools v0.1.19 sort and rmdup were applied to the
BAM file. For each marker, the surrounding reads were
extracted from bam file using SAMtools v0.1.19. Afterward,
using the anchor sequence, we calculated the read number for
all markers. The position and the anchor sequence for all
Frontiers in Oncology | www.frontiersin.org 5
markers are listed in Table 2. For each marker, the reads
were extracted from BAM file using SAMtools v0.1.19 and
then matched with the anchor regex or complementary reverse
anchor regex to count for the marker sequences. All anchor
sequences were confirmed to be uniquely mapped to the
sequencing within the scope of that marker’s position. The
script CollectDepthInfoForMSI.sh is for collecting the depths
for each length from the BAM file.

Peak Discovery
We define eminent number in the middle of three numbers as a
peak. For recalling the peaks at the end of a series of numbers, we
added zeros at the start and the end of the series of peaks to make
sure that the first and the last number could also be detected as
a peak.
A

B

FIGURE 3 | An example using the tumor sample (A) and normal sample (B) of 21CF30228 to display the effects of the two hyperparameters, smoothing and peak
threshold restricting. The red line on the bottom of each figure is the threshold for peak filtering. Peaks detected under the threshold will be ignored.
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Smoothing and De-Duplication
Our algorithm is a peak finding algorithm in the noised NGS
data. Thus, we implemented the robust peak discovery
algorithm, attempting to avoid discovering false peaks. The
main strategy for noise reduction is smoothing procedure,
which involves calculating the average height among flanks.

To remove the noise that might be caused by experimental
artifacts, the following procedures were applied.

First, the relative height was calculated to standardize the
heights and the relatively low peaks were recognized as false
peaks. The relative height of the nth position is defined as

rhn =
hn

oN
i=1hi

where N is the total number of detected peaks and h is the
absolute height of each peak. A hyperparameter, Rh, is set as the
threshold for peaks. If a peak is discovered and its rhn≥Rh, then
the peak is reckoned as a real peak; otherwise, the peak is
considered as a false peak caused by technical noise. This step
will help eliminate some false peaks.

Second, the smoothing step was applied. Smoothing step is a
procedure to calculate the average height among its
neighborhood:

hn =
hn−1 + hn + hn+1

3

Unstable Marker Discovery
After peak discovery, the markers could be determined as stable
or unstable according to the comparison between tumor and
normal samples. If a marker has different peak numbers in tumor
and normal tissue, then the marker would be classified as an
unstable marker. If the peak numbers are the same for both
tissues, then a gap ≥2 for tumor/normal tissue peak position
would lead to an unstable marker judgment.

Loss Function to Minimize
To minimize the gap between NGS data and PCR data, a loss
function is defined as

diff =  o
S
ioT

t abs Pi,t
NGS − Pi,t

PCR

� �

S

where S is the total number samples, T is the total number of
markers, Pi,t

NGS is the number of peaks discovered in the ith
sample in the tth marker in NGS data by the algorithm, and Pi,t

PCR
is the peak number discovered in the ith sample in the tth marker
in the PCR data. This loss function could evaluate the average
difference in peaks between NGS data and PCR data for
each sample.

Patient MSI Status Determination
After determination of all six makers for a patient, the MSI status
for a patient could be determined. For a patient with two or more
unstable markers, we would regard the patient as a patient with
MSI-H. This is consistent with the determination standard of
PCR-based method. The script JudgeMSI.py is for determining
A

B

FIGURE 4 | (A) The average difference between NGS data and PCR data
changes for different hyperparameters. The minimum of average difference
was obtained when smoothing was applied and the peak threshold was set
to (20% × average depth). (B) The peak differences between NGS and PCR for
all the training samples before and after picking the optimal hyperparameters.
A B

C D

FIGURE 5 | Confusion matrix for (A) our algorithm on the validation set, (B)
MSIsensor on the validation set, (C) our algorithm on the test set, and (D)
MSIsensor on the test set.
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the MSI status according to the depth files from tumor and
normal samples.

Detection by MSIsensor
The BAM file was prepared as mentioned above, and the bed for
the six markers were used. The other parameters were set
to default.
DISCUSSION

In this work, we implemented a novel algorithm to determine
MSI status based on NGS data. Our algorithm could simulate the
distribution of peaks. In the independent 68-sample dataset, we
achieved an accuracy of 98.53% and a sensitivity of 100%,
showing promise in clinical practice. Furthermore, very small
number of samples is sufficient to train an accurate model. As
shown in our work, we used only nine samples as the training set.
In fact, there are 108 markers for our hyperparameter tuning.
According to the accuracy in the validation set and the test set,
the small amount of training set was enough for an accurate
mimicking from NGS to the PCR result. Furthermore, because
the MSI status is highly imbalanced with few MSI-H samples,
our method requiring no MSI-H samples is an advantage. Our
method also outperformed MSIsensor on our dataset, and we
also found that combining the two methods might make the
result more accurate. Because the false negative for MSI detection
is severer, this finding should be verified by more data.

Further efforts could be made for the development of the
algorithm. First of all, more data are needed to generalize the
hyperparameters for more real-world data and data from other
platforms such as Illumina. As a pan-cancer dataset, our work
also needs more data for validation, because many cancers were
underrepresented in our dataset. More peak discovery
hyperparameters could be involved such as distance and
prominence (18). Recently, machine learning is emerging as a
handy tool for bioinformatics in both biological applications
(19–24) and theory discovery (25–28). Because this work is data-
driven, machine learning could be also used to address it.
However, most machine learning algorithms require input of
uniform length, which is not satisfied by NGS data. Thus, we
need to design methods to generate uniform features from
diverse NGS data. On the other hand, recurrent neural
network (RNN), which has been vastly used for natural
language processing (29), could solve the problem with
inconsistent features and has been applied to biology years ago
(30). The RNN has advantages over handcrafted features and
might be applicable to this problem.
Frontiers in Oncology | www.frontiersin.org 7
CONCLUSION

Here, we developed an algorithm to determine MSI status for
patients with cancer using the NGS data, and the accuracy is
comparable to the gold standard, PCR-based method. The
accuracy and the sensitivity are both acceptable for clinical use.
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Supplementary Table 1 | Marker information.

Supplementary Table 2 | Clinical diagnosis of patients and the results of our
algorithm and MSIsensor.

Supplementary Table 3 | Metrics for different datasets and different cancers.
TABLE 2 | Anchor sequences for each marker for obtaining peak. CR, complementary reverse.

Marker Position Anchor Anchor (CR) Repeat Length

Bat25 chr4:55598012-55598436 TTTGA(T+)GAGAA TTCTC(A+)TCAAA 25
Bat26 chr2:47641360-47641786 CAGGT(A+)GGGTT AACCC(T+)ACCTG 27
Mono27 chr2:39536490-39536916 CAGGA(T+)GAGGC GCCTC(A+)TCCTG 27
NR21 chr14:23652147-23652567 TTGCT(A+)GGCCA TGGCC(T+)AGCAA 21
NR24 chr2:95849162-95849585 TCCTA(T+)GTGAG CTCAC(A+)TAGGA 23
NR27 chr11:102193309-102193734 CTGGT(A+)GCCAC GTGGC(T+)ACCAG 26
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