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Colorectal cancer (CRC) is the third most commonly-diagnosed cancer in the world and ranked second for cancer-related
mortality in humans. Microsatellite instability (MSI) is an indicator for Lynch syndrome (LS), an inherited cancer
predisposition, and a prognostic marker which predicts the response to immunotherapy. A recent trend in immunotherapy
has transformed cancer treatment to provide medical alternatives that have not existed before. It is believed that MSI-high
(MSI-H) CRC patients would benefit from immunotherapy due to their increased immune infiltration and higher neo-
antigenic loads. MSI testing such as immunohistochemistry (IHC) and PCR MSI assay has historically been a tissue-
based procedure that involves the testing of adequate tissue with a high concentration of cancer cells, in addition to the
requirement for paired normal tissues. The invasive nature and specific prerequisite of such tests might hinder its
application when surgery is not an option or when the tissues are insufficient. The application of next-generation
sequencing, which is highly sensitive, in combination with liquid biopsy, therefore, presents an interesting possibility worth
exploring. This review aimed to discuss the current body of evidence supporting the potential of liquid biopsy as a tool for
MSI testing in CRC.
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| 1. Introduction

Over the years, colorectal cancer (CRC) displayed a steady increase of incidence and mortality rates 2RI, |t was one
of the top three causes of cancer besides ranking third for all cancer-related deaths in 2018 [, Despite the advancement
in the management of resected CRC as well as the introduction of more effective cancer detection tools and treatment
options, approximately 30 to 50% of the patients recovered will experience a recurrence in the form of regional lymph
node or distant metastasis BI€l. This data suggested the presence of potential metastatic cells, which had been
overlooked by currently available diagnostic tools, limiting the identification of patients in need of adjuvant therapy.

The rare metastatic cells which released from primary or metastatic cancers into the blood circulation were reported as
circulating tumor cells (CTCs) @I, Previously, detection, isolation and molecular characterization of CTCs had been
largely hindered due to their unknown frequency in metastatic CRC (mMCRC) patients, low concentrations (one CTC per
107 to 10° hematological cells per mL) and technical limitations such as low separation efficiency and low recovery £
(LUA2113114] | recent years, advances in microfluidics and immunoaffinity enrichment technologies along with sequencing
platforms, permit robust reproducible detection and isolation of CTCs from the whole blood, leading towards
comprehensive interrogation of CTCs A8l For instance, in 2017, Li et al., proposed a detection method using quantum
dots and gold nanoparticles as signal probes 8, whereas Chiu et al., introduced an optically-induced-dielectrophoresis
(ODEP)-based microfluidic device capable of isolating high-purity and integral CTC clusters in 2018 4. |n response to
the increasing popularity in CTCs, various studies were carried out to characterize CTCs based on their distinctive
molecular and clinicopathological features QL7181 9],

The revolutionary success of checkpoint inhibitors in mismatch repair-deficient (MMR-D) mCRC 12 also resulted in a new
therapeutic scenario, where biomarkers including microsatellite instability (MSI) status have been validated for clinical use
of CRC [291[21]221[23][24] Tpday, post-diagnosis MSI testing is recommended for both hereditary syndrome screening as well
as prognosis and treatment implications in CRC patients 231281 |n the future, MSI status obtained from CTCs could act as
a guide in early detection, prediction and prognosis, as well as facilitating therapeutic target selection and monitoring CRC
treatment response.



| 2. Pros and Cons of Current Tissue Biopsy-Based MSI Testing

Microsatellite instability (MSI) is the manifestation of defective mismatch repair (MMR), which results in high frameshift
mutation frequency in microsatellite DNA, including gain and/or loss of nucleotides within repeating motifs known as
microsatellite tracts (Figure 1) 271281 |t is mainly dependent on MLH1 (MutL homolog 1), MSH2 (MutS homolog 2), MSH6
(MutS homolog 6), and PMS2 (postmeiotic segregation 2) proteins 29, There are 3 types of MSI based on its frequency:
high microsatellite instability (MSI-H), low microsatellite instability (MSI-L) and microsatellite stable (MSS) BaE4,
Approximately 12 to 20% of CRCs are explained by MSI-H due to MMR-D, with a higher incidence in the early stages
(about 20% in stage | and II, and 12% in stage Ill) and a lower incidence in the metastatic setting (4 to 5%) [291321(33]
Today, MSS-L and MSS are still classified as one kind, as there is no distinct phenotypes/genotypes linked with MSI-L
determined by microsatellite markers 41351,
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Figure 1. (A-C) Functioning mismatch repair system (MMR) capable of repairing DNA mismatch error, whereas (b,c)
Defective mismatch repair system (MMR-D) which resulted in microsatellite instability (MSI).

Previously, several CRC classification systems with MSI status considered had been established including the Jass
classification (2007) B8, Ogino classification (2008) B2, colon cancer subtyping (CCS) (2013) B2, colon cancer molecular
subtyping (2013) 28 and CRC intrinsic subtyping (2014) B3, Their attempt to improve CRC prognosis, diagnosis and
targeted therapy based on the molecular subtyping alone was futile due to the unstandardized protocols, discrepancy in
the number of subtypes, overlapping and mixed subtypes, and the lack of transcriptomic, genomic and proteomic data 2%
(41 |n 2015, Guinney et al., introduced the consensus molecular subtyping (CMS), where CRC was classified into 4
subtypes: (i) CMS1, MSI-H; (i) CMS2 canonical, MSS; (iii) metabolite CMS3, MSI-L/moderate; and (iv) CMS4
mesenchymal 22, They incorporated molecular subtyping with phenotypic signatures displayed by each subtypes to aid in
disease stratification in routine pathology. Nevertheless, CMS was still limited due to the intratumoral heterogeneity (ITH)
detected and unreliability in the tissue biopsy samples (43% unknown) 43124 |n short, the lack of a standardized MSI-
based classification system, the use of tissue biopsy samples, the presence of ITH and the variations of MSI status across
different subtypes complicates CRC diagnosis and treatment.

Currently, MSI detection includes immunohistochemistry (IHC) and polymerase chain reaction (PCR) and is based majorly
on tissue-biopsy samples 45I48l47148]  Results from MSI detection is associated with improved prognosis and showed
potential prognostic value especially during early stages of CRC 2948l For example, a data analysis from 17 separate
trials in the Adjuvant Colon Cancer End Points (ACCENT) database had proven the potential of MSI status in predicting
the outcomes/overall survival of patients with stage Il or Ill CRC undergoing surgery with or without 5-fluorouracil (5-FU)-
based adjuvant treatment Y. Another previous subgroup analysis of the adjuvant QUASAR (Quick and Simple and
Reliable) study verified the positive correlation between prognostic value and MSI status in early stages of CRC, where
patients with MMR-D tumors had a higher recurrence rate (50%) than MMR-proficient tumors 1. A recent study by
Paulose et al., also highlighted the distinct clinicopathological features of MSl-related CRC and the relevance of MSI
testing of stage Il CRC for management decisions and prognostication B2,

Despite all the advantages and being recommended by clinical practice guidelines (NCCN), tissue biopsy-based MSI
detection was not incorporated into the routine analysis, due to its inherent invasive nature of traditional biopsies; inability
to interrogate full tumor load’s heterogeneity B3; difficulties in repeated sampling; lack of viable tissue and not being
routinely available; unavailability/infeasibility in certain patients [24: and requirement of an adequate amount of tissue with
a high concentration of cancer cells (paired with normal tissues) B3l38], Detection of MSI by PCR via fragment analysis
was not ideal in the clinic since it required samples of both tumor and normal tissue. Furthermore, PCR-based procedure
was complex and involved additional specialized equipment, while being low sensitive for samples with low proportions of



cancer cells B4, Conversely, IHC-based MSI detection involved interpretations from pathologists, which could be
subjective and highly susceptible to technical factors 2858l To sum up, the limitations of currently available tissue-based
MSI detection offsets the prognostic and therapeutic intervention (prediction) values of MSI status in CRC, urging the
necessity of a more precise and rapid non-invasive detection of MSI status in clinical routine analysis for better survival
outcomes among CRC patients (11591160

| 3. Necessity of Liquid Biopsy Specimens in MSI Testing

Liquid biopsy is a minimally invasive technique for the detection of prognostic or diagnostic tumor-derived markers in body
fluids 81, Previously, studies had proven implementation of biomarkers from blood as a non-invasive method for CRC
screening, particularly during its early stages (stage | or premalignant stage) [B2I63I64165[66] Examples of the markers
evaluated were (1) proteins (hemoglobin) [EAE8I6I70: (2) deoxyribonucleic acid/DNA from intact cells or blood circulation
(including methylation markers) [ZUIZ2IZ374I75][76]: (3) rihonucleic acid/RNA (messenger RNA, non-coding RNA and
microRNA) [ZAIBIZABY: (4) genes (mutation) BUEZ: and (5) low molecular weight metabolites (volatile organic
compounds) 83, Since the approval of first liquid biopsy-based test by the Food and Drug Administration (FDA) in 2016,
numerous blood-based detection methods have been the focus of CRC screening to overcome the above-mentioned
difficulties in traditional tissue biopsy testing [B4IE3186]

Benefits of these liquid biopsy-based over conventional tissue-based biopsies MSI testing includes rapid detection; non-
invasive procedures; high concordance rate with tissue biopsy-based detection; high specificity, precision, and sensitivity;
ability to monitor genetic heterogeneity; and potential to enhance utility of tumor detection assays to help direct clinicians
beyond targeted therapies to include immunotherapies B2IB7ISIEA0  Although introduction of next-generation
sequencing (NGS) and computational algorithms enables unbiased, genome-wide screening of the molecular fingerprints
of MSI with increased sensitivity, liquid biopsy-based MSI detection still appears to be in early development due to great
technical and bioinformatics challenges (in efficient molecular capture, sequencing, mapping, variant calling, error
correction at MSI loci); low tumor fraction in circulation; and high level of technical noise due to polymerase slippage 2191
921 |n short, more advancement is required before liquid biopsy-based MSI detection could be incorporated into the
routine analysis.

One key element from both academic and commercial interest is circulating cell-free DNA (cfDNA) 231 According to
literature, cfDNA referred to fragmented DNA in the bloodstream from the secretion of necrotic or apoptotic cells and
active release by intact cells. It comprised of both tumor-derived DNA (also known as circulating tumor DNA or ctDNA)
and DNA from non-tumor origins, including hematopoietic, immune and blood stromal cells 241931961 The possible sources
of cfDNA are illustrated in Figure 2. Additionally, ctDNA is defined by mutations and genomic changes that are hallmarks
of cancer and is a potential surrogate for the entire tumor [,
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Figure 2. Possible sources of DNA for MSI testing in liquid biopsy.
3.1. Cell Free DNA (cfDNA) and Circulating Tumor DNA (ctDNA)

Although there were several proposed screening approaches using cfDNA and ctDNA, their feasibility in routine
screening, given biological, technical and practical considerations were questioned 28291 while this may be true, they are
still extensively studied, especially in MSI detection due to the minimally-invasive procedure with high specificity and
ability to address genetic heterogeneity and capture the mutational landscape of CRC patients (Table 1) [L00I[101]{102]{103]



To illustrate this, in 2017, Kasi identified a threshold for recognizing MMR-D and MMR-proficient tumors. The power of
cfDNA testing in capturing the tumor mutational burden (TMB) from two CRC MMR-D patients elucidated the potential of
cfDNA as a surrogate marker for MMR-D or MS| [104],

In the subsequent year, Barzi and coworkers developed a cfDNA-based MSI testing by comparing microsatellite
alterations in cfDNA with those in genomic DNA extracted from buffy coats from the same patient. Not only did the
analysis differentiate MSI-H and MSS tumors effectively, but it also reported a distinct immunotherapy response based on
the different tumor status of MSI 285 |n 2019, Georgiadis et al., invented a hybrid-capture-based 98-kb pan-cancer gene
panel with a multifactorial error correction method and a novel peak-finding algorithm, capable of identifying rare MSI
frameshift alleles in cfDNA. They demonstrated the feasibility of this non-invasive pan-cancer screening in capturing the
targeted MSI locus and predicting the progression-free survival of MSI or tumor mutation burden-high patients treated with
PD-1 blockade 19811971 | the same year, Isaacs et al. unraveled that detection of MSI status from cfDNA was possible
via the Guardant Health Omni 2.0 mb panel. MSI-H cancer patients resistant to immune checkpoint blockade showed
RNF43, APC and/or CTNNB1 mutations, suggesting the importance of co-activation of the WNT/B-Catenin pathway 18],

On the other hand, droplet digital PCR (ddPCR) is an improved PCR technology commercially available almost a decade
ago 199 This technology uses Taq polymerase in a typical PCR reaction to multiply the target DNA fragment from a
complex sample using primer or primer/probe assays. Before amplification, the PCR reaction is partitioned into thousands
of reaction droplets, and data acquisition occurs at the end point 229, When this modification is implemented in the MSI
assay, the analytical sensitivity of MSI-ddPCR has increased by at least 2 times higher than the detection threshold of the
gold standard pentaplex test 1111121 The feasibility of MSI-ddPCR has been explored largely in the tissues, and recently
gains attention for its application in liquid biopsy [88. In 2020, Silveira et al., demonstrated that MSI-ddPCR assays

detected MSI in blood samples from all the patients tested (cfDNA), yielding a clinical specificity and accuracy of 100%
i)

To date, there were only two studies involving the MSI detection in ctDNA 213l For instance, a group of scientists from
China reclassified 13 CRCs based on their MSI status from ctDNA by amplicon-based NGS. Their results were also in
concordance with those of tumor tissue origin. In other words, NGS-based testing could detect MSI status precisely from
both blood plasma and tumor tissues with 100% sensitivity, unlike conventional PCR-based MSI assay. In short, their
findings gave critical insights towards the potential of MSI from ctDNA as non-invasive prognostic and diagnostic markers
among CRC patients 62,

In 2019, Willis et al., performed ctDNA testing using the Guardant360 NGS kit (Guardant Health Clinical Laboratory,
Redwood City, CA, USA) combining 99 putative microsatellite loci and precisely identified 87% (71/82) of tissue MSI-H
and 99.5% of tissue microsatellite stability (863/867) with an 98.4% overall accuracy (934/949). Not only was this ctDNA-
based MSI detection (from plasma) highly concordant with tissue-based MSI testing, it also showed higher specificity,
precision, and sensitivity, with a limit of detection of 0.1% tumor content B3],

3.2. Circulating Tumor Cell (CTC)

Recently, CTCs have emerged as a new spotlight in MSI research as they permit structural evaluation and molecular
characterization of cancer phenotype as well as a snapshot of tumor heterogeneity in CRC 1486117 |y 2020, Toh
et al., reveal the relationship of MSI with the increase in intra-operative and post-operative release of CTCs 118, Unlike
CtDNA, the intact CTCs consist of a heterogeneous pool of tumor cells with potentially resistant clones. In other words,
CTCs contain additional DNA information which could possibly scan all MSI loci when compared to cfDNA 19 Moreover,
advancement in microfluidics and immunolabeling techniques allow reliable and specific isolation of CTCs 2], Due to this,
numerous efforts had been carried out to determine the validity of harnessing CTCs for MSI typing. To prove this, a
comprehensive genomic study of CRC in 2014 identified heterogeneity in MSI and mutations in key genes such as KRAS
and TP53, between tissue and CTC and between individual CTC. Interestingly, MSI was detected in some of the
individual CTCs but not in the tumor, but none showed proof with prognostic impact 229,

In another attempt, Kong and colleagues have found that somatic mutations detected in CTCs are associated with CRC
prognosis, and their mutation signatures are similar to tumor signatures. Notably, their findings also reinforced the clinical
utility of CTC analysis beyond the prediction of disease outcome based on CTC count. However, they did not prove the
link between mutation frequency and MSI status due to the small sample size 121, Following this, in 2019, Messaritakis et
al., proved that CEACAM5mRNA-positive CTCs from blood was an adverse prognostic factor (shorter overall survival)
correlated with poor clinical outcome in mCRC patients with MSI-high tumors 222, |n short, although existing studies did
not show any strong scientific evidence on the direct link between MSI from CTCs and their prognostic impact among



CRC patients, their findings gave novel insights towards the application of CTCs in MSI setting. Table 1 summarizes the
recent findings of MSI in cfDNA, ctDNA and CTCs from CRC.

Table 1. Summary of recent findings of MSI in cfDNA, ctDNA and CTCs from CRC.

Source Type Year Finding Citation
Effectiveness of the TMB report from cfDNA to
. . predict MMR-D or MSI status and the possible [104]
cfDNA 2 patients with MMR-D CRC tumors 2017 .
response towards immunotherapy among CRC
patients.
Feasibility of MSI detection in cfDNA with
) possible reflective of TMB in CRC. MSI 105
cfDNA 13 CRC patients 2018 ) o
assessment from cfDNA could predict clinical
outcomes of immunotherapy.
Development of a hybrid-capture-based 98 kb
Plasma from 29 metastatic cancers pan-cancer gene panel with a multifactorial error
(19 CRC, 3 ampullary, 3 small correction method and a novel peak-finding 106
cfDNA _ _ i _ 2019 _ o _
intestine, 2 endometrial, 1 gastric, algorithm, capable of predicting progression-free
and 1 thyroid cancer) survival in MSI and TMB-High patients treated
with PD-1 blockade.
1145 archived samples (residual MSI assessment from cfDNA showed higher
plasma and/or cfDNA) collected and specificity, accuracy and sensitivity, with a
cfDNA processed as part of routine 2019 detection limit of 0.1 percent of the tumor content (59
standard-of-care clinical testing in the than conventional tissue biopsy-based MSI
Guardant Health CLIA laboratory detection.
Detection of MSI status from cfDNA was possible
via the Guardant Health Omni 2.0 mb panel. MSI-
(DNA Blood samples from 12 patients with 2019 H cancer patients resistant to immune checkpoint 108
c
MSI-H gastrointestinal tract cancer blockade showed RNF43, APC and/or CTNNB1
mutations, suggesting the importance of co-
activation of the WNT/B-Catenin pathway.
. The MSI-ddPCR assays were clinically sensitive,
30 plasma or serum from 14 patients . .
) highly accurate and appropriate for the (8]
cfDNA  with locally advanced CRC, mCRC or 2020 L S .
: quantitative ctDNA detection in observational
endometrial tumors i
studies.
. Development of MSlsensor-ct, a bioinformatics
cfDNA sequencing data from 39 . .
) tool based on a machine learning protocol,
patients and 1565 WES samples . i 193
cfDNA 2021 dedicated to detect MSI status using cfDNA [123]
from TCGA were treated as the ) . o
N sequencing data with 100% accuracy within the
training set
LOD of 0.05% ctDNA content.
Correct identification of 13 MSI-H patients by MSI
Plasma, matched tumor tissue and testing in ctDNA, in concordance with the results [60]
ctDNA 2018

blood samples from 200 patients

of MSI testing in tumor tissue with a sensitivity of
100%.




Source Type Year Finding Citation

Plasma isolated from the peripheral Cell-free circulating tumor DNA-based MSI
blood from 222 consecutiveEGFR, detection using Guardant360 was highly
CtDNA KRAS, BRAF, and/or ESR1-positive 2019 concordant with tissue-based testing, enabling (85]
NSCLC, colorectalcancer, or breast highly accurate detection of MSI status
cancer patients concurrent with comprehensive genomic profiling.

) . Identification of disparity in MSI status between
8 single CTC from 8 individual CRC . . . o
CTCs . . ) 2014 primary tumor, liver metastasis and individual
patients with matched tumor tissue .
isolated CTC.

120

Detection of CEACAM5 mRNA-positive CTCs as

cTC CTCs from peripheral blood of 198 2019 an adverse prognostic factor which correlated 122
S
mCRC patients with poor clinical outcomes in MSI-high tumors
patients.

cfDNA = cell-free DNA, CRC = colorectal cancer, ctDNA = circulating tumor DNA, CTC = circulating tumor cell, ddPCR =
droplet digital polymerase chain reaction, LOD = limit of detection, MMR-D = mismatch repair deficiency, mCRC =
metastatic CRC, MSI = microsatellite instability, NSCLC = non-small cell lung cancer, TMB = tumor mutation burden, WES
= whole exome sequencing.

| 4. Patents in Liquid Biopsy-Based MSI Test

A recent patent search conducted on 3 March 2021 on Lens.org resulted in only 10 patents since 2018
(https://link.lens.org/p57zygkfXpg). Despite the supremacy of CTCs over fresh tissue, formalin-fixed paraffin-embedded
(FFPE), cfDNA and ctDNA samples in obtaining sufficient high-quality DNA, no patents are being applied or granted to

prove their exact roles in MSI detection. There are, however, several patents involving cfDNA and ctDNA as source
materials. For instance, in 2018, Georgiadis and Sausen invented a method for MSI detection in a cancer patient via liquid
biopsy with sample preparation using hybrid capture and non-unique barcodes 124, |n their claim, cfDNA fragments from
blood or plasma of a patient were isolated to obtain sequences of a plurality of tracts of nucleotide repeats. Non-unique
barcodes were attached to these fragments for identification of a group of sequence reads and their length. Amplification
of at least one MSI locus (NR-21, BAT-25, BAT-26, NR-24, MONO-27, Penta C, and Penta D) was carried out. A report
describing the MSI status was generated by determining distribution of lengths of the plurality of tracts that had peaks that
deviated significantly from peaks in a reference distribution (matched normal DNA). This patent included four categories of
claims, which were C07K16/30 immunoglobulins from tumor cells, C12N15/11 DNA or RNA fragment-modified forms
thereof DNA or RNA not used in recombinant technology, C40B40/06 libraries containing salts of organic compounds
classified in the groups for the libraries containing the parent compounds and GO6F19/22 electric digital data processing
for sequence comparison involving nucleotides or amino acids, e.g., homology search, motif or single-nucleotide
polymorphism (SNP) discovery or sequence alignment.

In the same year, Huang from NantOmics company also filed a patent for MSI detection in a solid tumor without the need
of tumor tissue (1251 Briefly, cell-depleted fraction or tumor DNA (ctDNA from serum) and cell-containing fraction or
matched normal DNA (nuclear DNA from leukocytes) were isolated as starting material, followed by PCR amplification of
at least one MSI loci (NR-21, BAT-25, BAT-26, NR-24, and MONO-27). The size difference was then performed using
capillary electrophoresis, polyacrylamide gel electrophoresis, mass spectroscopy, chip-based microfluidic electrophoresis,
and denaturing high-performance liquid chromatography without fluorescent markers. MSI status was determined based
on the comparison of peak shape and position in an elution profile of a chromatogram of the amplified MSI locus via a
step of independent component analysis. This group was granted a patent under three categories of claims, which were
C12Q1/6886 nucleic acid products used in the analysis of nucleic acids; C12Q2600/156 polymorphic or mutational

markers; and C12Q1/6827 for detection of mutation or polymorphism.

More recently, Rabizadeh disclosed a protocol, whereby identification of molecular alterations associated with MSI from
cell-free nucleic acid (cfNA) derived from the blood sample of patients with or suspected MMR deficient cancer, resulted in
treatment responsiveness and outcome prediction of treatment regimen comprising at least one checkpoint inhibitor 1281,



Granted in 2019, this patent covered three categories, which were C07K16/30 immunoglobulins from tumor cells;
C12Q1/6827 for detection of mutation or polymorphism; and C12N15/11 DNA or RNA fragment-modified forms thereof
DNA or RNA not used in recombinant technology.

5. Clinical Trials for the Detection of MSI in Circulating Tumor DNA
(ctDNA)

Clinical trials assessing the feasibility of MSI detection using liquid biopsy are currently ongoing (NCT03594448 12711 and
NCT03561350 128), The University of Southern California in collaboration with the National Cancer Institute (NCI) is
actively recruiting participants for the clinical trial to detect MSI in the ctDNA of stage IV CRC patients 127, This
observational prospective trial aims to determine the concordance between the electrophoretic mobility profiles of
microsatellite biomarkers in circulating cell-free deoxyribonucleic acid (ccfDNA) versus primary tumor tissues in CRC
patients exhibiting MSI. The trial also seeks to establish the link between changes in the electrophoretic mobility profile of
microsatellite biomarkers in liquid biopsies from CRC patients with therapeutic responsiveness measured based on
Response Evaluation Criteria in Solid Tumors (RECIST) criteria. Finally, the trial seeks to determine whether the
microsatellite alleles (produced from liquid biopsy-based MSI testing of CRC patients) epitomize the whole cancer cell
population or only a subgroup of cancer cells differentially affected by genomic instability.

Another ongoing trial by Shanghai Minimally Invasive Surgery Center in Ruijin Hospital is also actively recruiting
participants for a trial to determine MSI status in the blood sample of advanced CRC patients by NGS 128l |n this trial, the
ctDNA and leucocyte will be extracted from the blood sample for MSI detection by ColonCore NGS panel. If the result is
positive, the MSI status could be easily learned without the acquisition of tissue samples.

In the United States, 308 participants were recruited for an intervention study (MK-3475-177/KEYNOTE-177) 129, This
ongoing phase lll clinical trial aims to compare an immunotherapy drug (pembrolizumab) with chemotherapy in the stage
IV CRC treatment. Briefly, the participants displaying MSI-H or MMR-D advanced CRC will be randomly assigned to
receive either pembrolizumab or the investigator’'s choice of 1 of 6 standard-of-care chemotherapy regimens
(mMFOLFOX6; mFOLFOX6 and bevacizumab; mFOLFOX6 and cetuximab; FOLFIRI; FOLFIRI and bevacizumab; FOLFIRI
and cetuximab). The investigators hypothesized that pembrolizumab would extend progression-free survival relative to the
current standard of care chemotherapy. Its previous phase Il trial results from the KEYNOTE-164 trial had shown that

patients with previously-treated MSI-H MMR-D metastatic CRC who received pembrolizumab responded well to the drug
[130]

| 6. Challenges and Future Directions

To sum up, liquid biopsy-based MSI detection has emerged as the focus of future research on precision diagnosis and
treatment of tumors 131, |t shows potential as a mass screening tool for early CRC diagnosis due to its non-invasive
nature and supersedes traditional colonoscopy and immunochemical fecal occult blood test (iFOBT) with minimal risk of
perforation, higher sensitivity, rapid simple procedure (blood draw) and without any pre-requirement (dietary restriction
and extensive bowel preparation) [UL32][133|[134][135]136] Hawever, there are still crucial remaining challenges to their
wider use and implementation to clinical settings (Table 2) 137 First and foremost, liquid biopsy-based MSI detection is
limited in low or non-shedding tumors. Sample collection from CRC patients of early stages, low shredding rates of
metastases, tumor heterogeneity and genomic subtype, presence of certain tumor mutations and having undergone
cancer treatment, resulted in harvesting of low frequency of analytes (cfDNA or CTCs) (1381391140 5econd, there is a lack
of standard procedures for the sample preparation or the pre-analytical phase for liquid biopsy, resulting in difficulties to
compare obtained results across different methodology approaches [141[142]1431144] Thjrq, the diagnostic accuracy and
sensitivity of current available liquid biopsy assays are limited 8112453 Fourth, sophisticated multicenter clinical validation
studies and regulatory guidelines are lacking but must be established to ensure future clinical utility 48], For instance,
sensitivity at low allele frequencies and sequencing of MMR genes are still limited 147,

Table 2. Summary of pros and cons of MSI testing in tissue and liquid biopsies.

Type Advantages Disadvantages



Tissue biopsy

Liquid biopsy

Clinically validated;
Gold standard for MSI detection (IHC and PCR);

Potential CRC prognosis based on MSI status
(especially during early stages of CRC);

Allow prediction of the outcomes/overall survival of
MSI-related CRC patients;

Potential management decisions and
prognostication;

Allow distinct clinicopathological features of MSI-
related CRC.

Rapid detection;
High specificity;
Non-invasive procedures and minimal risk;

High concordance rate with tissue biopsy-based
detection;

Potential to monitor genetic heterogeneity;

Ability to capture the mutational landscape of CRC
patients;

Capable of capturing TMB;
Identification of rare MSI frameshift alleles;
High repeatability and easily reproducible;

Potential to enhance utility of tumor detection
assays to help direct clinicians beyond targeted
therapies to include immunotherapies;

Possible to perform continuous follow up
examinations.

Not incorporated into the routine analysis;
Invasive with high risk;

Inability to interrogate full tumor load’s
heterogeneity;

Difficulties in repeated sampling;

Lack of viable tissue and not routinely
available;

Unavailability/infeasibility in certain patients;

Requirement of an adequate amount of tissue
with a high concentration of cancer cells
(paired with normal tissues) for PCR-based
MSI detection;

The need of specialized laboratory equipment
(PCR) and professional expertise (e.g.,
pathologist) (IHC);

Low sensitive for samples with low
proportions of cancer cells;

Impractical for periodic/real-time monitoring of
cancer progression and treatment response.

Still in early development without established
clinical practice rules;

Lack of sophisticated multicenter clinical
validation studies and regulatory guidelines;

Unstandardized laboratory procedures;
Limited diagnostic accuracy and sensitivity;
Low detection rate of mutations;

Inability to reflect ITH;

Great technical and bioinformatics challenges
(inefficient molecular capture, sequencing,
mapping, variant calling, error correction at
MSI loci);

Low tumor fraction in circulation;

High level of technical noise due to
polymerase slippage;

Low signal-to-noise ratio (presence of
contaminating non-tumor cells such as
hematopoietic cells, immune cells and blood
stromal cells);

Risk of false-positive and false-negative
results;

Microenvironment changes may influence the
release or the amount of biological materials.



CRC = colorectal cancer, IHC = immunohistochemistry, ITH = intratumoral heterogeneity, MSI = microsatellite instability,
PCR = polymerase chain reaction, TMB = tumor mutation burden.

Fifth, liquid biopsy-based MSI testing is difficult when applying in localized cancer (low TMB) because the detection rate of
mutations from liquid biopsy samples is relatively low. In particular, accurate tumor information can only be obtained when
the abundance of ctDNA is greater than or equal to 10% 1481 Furthermore, highly sensitive techniques like digital PCR
(dPCR) and ddPCR are limited to a very small number of genomic loci, and the specific mutation to be assayed is typically
determined a priori. Sixth, even if the profiling of larger genomic regions is possible with NGS technique, their potential
diagnostic utility is still hindered due to the low signal-to-noise ratio (presence of contaminating non-tumor cells such as
hematopoietic cells, immune cells and blood stromal cells) 149, Seventh, although the introduction of NGS-based MSI
testing enabled evaluation of hundreds or even thousands of MSI loci and do not require a tumor-normal comparison 159,
it presents challenges at low levels of MSI due to polymerase slippage (‘stutter’) that generate high false-positive rates at
positions of homopolymers Y. Other factors causing the sequencing artifacts errors are DNA damage introduced during
sample storing, fixation and/or extraction steps; PCR errors/chimeras due to shearing in sequencing library preparation;

base incorporation errors; incorrect alignment to the genome; and imperfect imaging during sequence data acquisition
151][152][153

Last but not least, current available liquid biopsy-based MSI assays lack the ability to dissect ITH in CRC efficiently, hence
we believe single-cell approaches are vital for MSI detection 24, To prove this, a group of researchers from Beijing
developed a robust method for the analysis of single cellular genomic mutations in 2017, capable of detecting MSI of
every single cell within the intestinal metaplasia 225, Thus, together with the rapid advancement in single-cell isolation
technology, there is a promising potential of using single CTC to evaluate the MSI status in CRC via its ctDNA 23811157 |
short, a better understanding of the underlying mechanisms involved in the release of liquid biopsy components and

adoption of comprehensive multidimensional profiling strategies are fundamental in solving these challenges.

| 7. Conclusions

Since CRC is one of the most prevalent cancers in humans and causes a remarkable public health problem worldwide,
identifying the ways of diagnosis and treatment of CRC is of the most importance. MSI is an important marker in CRC
which could aid diagnosis and prognosis as well as predicting the efficacy of chemotherapeutic and immunotherapy
treatments. Over the years, advances in NGS technologies and computational algorithms have permitted impartial,
genome-wide screening of MSI fingerprints to dramatically increase the sensitivity of MSI detection. Advancement in the
capture of ctDNA and cfDNA is also remarkable. Sensitive MSI detection in liquid biopsies, however, still seems to be in
early development. Nevertheless, a liquid biopsy-based test to evaluate MSI may hit a wider subset of patients, including
those with insufficient tissue or when safety concerns about invasive surgery arise.
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