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BACKGROUND: Microsatellite instability (MSI) is an
emerging actionable phenotype in oncology that informs
tumor response to immune checkpoint pathway immu-
notherapy. However, there remains a need for MSI diag-
nostics that are low cost, highly accurate, and generaliz-
able across cancer types. We developed a method for
targeted high-throughput sequencing of numerous mic-
rosatellite loci with pan-cancer informativity for MSI us-
ing single-molecule molecular inversion probes (smMIPs).

METHODS: We designed a smMIP panel targeting 111
loci highly informative for MSI across cancers. We devel-
oped an analytical framework taking advantage of smMIP-
mediated error correction to specifically and sensitively de-
tect instability events without the need for typing matched
normal material.

RESULTS: Using synthetic DNA mixtures, smMIPs were
sensitive to at least 1% MSI-positive cells and were highly
consistent across replicates. The fraction of identified un-
stable microsatellites discriminated tumors exhibiting
MSI from those lacking MSI with high accuracy across
colorectal (100% diagnostic sensitivity and specificity),
prostate (100% diagnostic sensitivity and specificity),
and endometrial cancers (95.8% diagnostic sensitivity
and 100% specificity). MSI-PCR, the current standard-
of-care molecular diagnostic for MSI, proved equally ro-
bust for colorectal tumors but evidenced multiple false-
negative results in prostate (81.8% diagnostic sensitivity
and 100% specificity) and endometrial (75.0% diagnos-
tic sensitivity and 100% specificity) tumors.

CONCLUSIONS: smMIP capture provides an accurate, di-
agnostically sensitive, and economical means to diagnose
MSI across cancer types without reliance on patient-
matched normal material. The assay is readily scalable to

large numbers of clinical samples, enables automated and
quantitative analysis of microsatellite instability, and is
readily standardized across clinical laboratories.
© 2018 American Association for Clinical Chemistry

Microsatellite instability (MSI)3 is a molecular diagnostic
finding in oncology that reflects a state of genomic hy-
permutability. Spontaneous gains or losses of nucleotides
from DNA in repetitive tracts are the pathognomonic
finding of MSI and serve as the basis for its clinical diagnosis
(1). Tumors exhibiting MSI [i.e., MSI-high (MSI-H) can-
cers] are often marked by disruption of the mismatch
repair (MMR) system through mutation or epigenetic
silencing (1, 2 ), which impairs the correction of length-
altering somatic mutations that occur at high rates within
microsatellites (2 ) and results in the generation of new
microsatellite alleles.

MSI was initially discovered in and used diagnosti-
cally for colorectal cancers (3, 4 ), but recent develop-
ments have increased the importance of MSI testing as an
emerging diagnostic in oncology that is applicable across
cancer types (5–7 ). First, MSI has now been reported
in tumors from multiple tissues, including endometrial,
ovarian, gastric, and prostate, and glioblastoma (2, 8, 9 ).
Recent genome-scale analyses (10–12) have found that
MSI is a generalized feature of malignancies and occurs at
some frequency in virtually all tumor types. Second, ther-
apeutic agents active against the immune checkpoint
pathway (programmed death ligand 1 and programmed
cell death protein 1 inhibitors) have been approved by the
US Food and Drug Administration for the management
of MSI-H cancers irrespective of their tissue of origin
(5, 13 ), for which they potentiate immune cell recogni-

1 Department of Laboratory Medicine, University of Washington, Seattle, WA; 2 Depart-
ment of Genome Sciences, University of Washington, Seattle, WA.

* Address correspondence to this author at: Department of Laboratory Medicine, Univer-
sity of Washington, Box 357110, 1959 NE Pacific St., Seattle, WA 98195. Fax 206-598-
6189; e-mail stevesal@uw.edu.

Received December 19, 2017; accepted March 8, 2018.

Previously published online at DOI: 10.1373/clinchem.2017.285981
© 2018 American Association for Clinical Chemistry
3 Nonstandard abbreviations: MSI, microsatellite instability; MMR, mismatch repair;

MSI-H, microsatellite instability high; MSS, microsatellite stable; NGS, next-generation
sequencing; smMIP, single-molecule molecular inversion probe; UMID, unique molec-
ular identifier.

Clinical Chemistry 64:6
950–958 (2018)

Molecular Diagnostics and Genetics

950

D
ow

nloaded from
 https://academ

ic.oup.com
/clinchem

/article/64/6/950/5608801 by guest on 24 M
ay 2023

mailto:stevesal@uw.edu


tion of mutation-associated neoantigens and improve pa-
tient outcomes (5 ).

Standard-of-care molecular diagnosis of MSI is cur-
rently achieved using multiplexed PCR-based testing
(MSI-PCR), typically directed against 5 informative mi-
crosatellite markers (3, 14 ). Although widely used, MSI-
PCR has been validated only for colorectal tumors
(1, 14 ) and can have poor performance in malignancies
derived from other tissues (15–17), likely reflecting dif-
ferences in the mutational frequency of microsatellite loci
across cancer types (10, 11 ). Moreover, MSI-PCR is sus-
ceptible to false-negative findings (18 ), owing to artifacts
related both to tumor heterogeneity or contamination
with nonneoplastic immune infiltrate (19 ) and to lower
mutational burdens in the context of specific MMR
pathway deficiencies (15, 20 ). Lastly, MSI-PCR has lim-
ited prognostic utility: Recent work indicates that func-
tional (21 ) and genome-scale assays incorporating quan-
tification of microsatellite instability across numerous
loci (10 ) provide superior predictive information regard-
ing patient outcomes than does binary classification of
tumors as MSI-H or microsatellite stable (MSS).

Several groups (10, 22, 23–25) have alternatively
used next-generation sequencing (NGS) to assay MSI by
examining dozens to hundreds of repetitive loci that are
incidentally sequenced along with regions of interest dur-
ing targeted gene enrichment or exome sequencing. By
virtue of their ability to broadly interrogate the genome,
these approaches offer substantial advantages over con-
ventional methods in terms of diagnostic accuracy and
applicability across cancer types (10, 22, 24, 25 ). Never-
theless, determination of MSI by NGS currently requires
large-scale targeted gene enrichment or exome sequenc-
ing data, which is material-limiting for many clinical
specimens and results in a high cost of testing. Conse-
quently, such diagnostics are typically reserved for late-
stage or widely metastatic disease (26 ). Moreover, most
analytic approaches require sequence data from matched
normal material (23, 24 ), increasing costs and work-flow
demands. NGS methods for determining MSI are conse-
quently impractical as primary screening tests and are
presently provided as value-added information for larger,
panel-based sequencing tests when they are applied to
advanced or otherwise recalcitrant malignancies.

To address the need for a high diagnostic accuracy,
low-cost MSI assay with applicability across cancer types,
here we used single-molecule molecular inversion probe
(smMIP) (27 ) capture coupled with high-throughput se-
quencing to provide a novel pan-cancer diagnostic for
MSI. smMIPs integrate highly multiplexed targeted se-
quencing with error-correction schemes based on unique
molecular identifiers (UMIDs), allowing the inexpensive
and accurate typing of microsatellite loci (28 ). By using
smMIPs to interrogate large numbers of microsatellites
that are highly informative for an MSI-H phenotype

across cancer types (10 ), we demonstrate high diagnostic
sensitivity and specificity with robust limits of detection
across disparate cancer types, without the need for typing
matched normal material.

Materials and Methods

SAMPLES, MSI DIAGNOSIS, AND CELL LINES

Residual DNA from clinical samples (fresh-frozen tumor
or formalin-fixed paraffin-embedded material; see Table
1 in the Data Supplement that accompanies the online
version of this article at http://www.clinchem.org/
content/vol64/issue6) was obtained retrospectively and
deidentified according to University of Washington In-
stitutional Review Board guidelines. This data set repre-
sented a convenience sample of tumor specimens having
been submitted for genetic or genomic characterization
and for which sufficient residual DNA (at least 100 ng)
was available for analysis. Cases testing positive for
MSI-H and an approximately equivalent number of MSS
specimens were randomly selected for each tumor type.
Genomic DNA from reference individual NA12878
was obtained from Coriell Biorepository, and cell line
LS174T was from ATCC. This project was approved by
the University of Washington Human Subjects Division
and was conducted in accordance with the Declaration of
Helsinki. All data analysis in this study was performed in
a blinded fashion.

Diagnosis of MSI status for colon, prostate, and
MSI-H endometrial tumors was established by NGS-
based analysis for microsatellite instability events with
the MSI phenotype using the mSINGS algorithm with a
cutoff of 0.2 unstable sites defining MSI-H (22 ), based
on large-panel targeted gene capture (29 ) or targeted am-
plification data (30 ). When data were available for
confirmatory diagnosis, somatic mutations in MMR-
pathway genes were enumerated relative to matched
germline tissue, as was clinical immunohistochemistry
for MMR pathway genes as performed by the University
of Washington Medical Center. MSS endometrial spec-
imens were primarily identified using immunohisto-
chemistry for MMR pathway genes, as per clinical diag-
nostic pathways. Minimum tumor cellularity of 20% was
required for all assays.

MSI-PCR (MSI Analysis System, version 1.2, Pro-
mega, which interrogates mononucleotide repeat mark-
ers BAT-25, BAT-26, MONO-27, NR-21, and NR-24)
was performed for all samples per manufacturer in-
structions with independent review by 2 or 3 molecu-
lar pathologists, using �2 positive loci to define an
MSI-H diagnosis.

SMMIP DESIGN, CAPTURE, AND REBALANCING

We considered microsatellite loci that were previously
identified as preferentially unstable in MSI-H rather than
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MSS tumors originating from colorectal, endometrial,
and stomach tissue (10 ). Loci that were unstable in �5%
of a particular cancer type were omitted. The probability
of a locus being preferentially unstable in MSI-H tumors
across cancer types was assessed after controlling for can-
cer type using the Cochran–Mantel–Haenszel test. A
smMIP capture panel was designed against Human
Genome build 19 to target the most statistically signifi-
cant 150 loci using the program MIPgen (31) with the
following flags: -max_capture_size 140, -min_capture_size
100, -logistic_priority_score 0.5, -common_snps off, -arm_
lengths 18:24,19:23,20:22,21:21, and -tag_sizes 4,4.
Probes were synthesized by Integrated DNA Technologies
using standard salt purification.

Probes were 5� phosphorylated and used in capture
reactions as described elsewhere (32 ). Briefly, 100 to 500
ng of genomic DNA was hybridized with the panel
using successive cycles of denaturation and cooling in
the presence of DNA polymerase and DNA ligase,
exonuclease treated, and PCR amplified to generate
sequencing libraries. Initially, smMIP probes were
pooled together at equimolar concentrations, used to
capture genomic DNA from reference specimen
NA12878, and sequenced. The mean relative abundance
of unique UMIDs originating from each probe was de-
termined, and probes were empirically rebalanced to
achieve better performance uniformity and to remove
several probes with consistently poor performance (n �
12). We also eliminated probes that empirically demon-
strated a high rate of instability in MSS specimens (dif-
ference in instability rates �9% between MSS and
MSI-H tumors; n � 27). This resulted in a final panel of
111 smMIP probes (see Table 2 in the online Data
Supplement).

SEQUENCING AND DATA PROCESSING

smMIP libraries were sequenced using an Illumina
NextSeq 500 operating 300 cycle chemistries. Reads were
processed and mapped as described elsewhere (32 ), ex-
cept that (a) self-assembled reads �53 bp in length were
discarded, and (b) reads were mapped to a reduced rep-
resentation of Human Genome build 19 comprising the
targeted microsatellite regions padded with 30 bp of
flanking sequence to reduce alternative read mappings.
Mapped reads were then grouped on their UMIDs,
and groups with �2 reads were retained. Error correc-
tion was performed by discarding UMID groups of 2
reads that did not match exactly and by picking a
representative read matching the majority rule se-
quence for groups of �3. The length of error-
corrected reads at each locus was calculated and nor-
malized to the most abundant allele length using
mSINGS (22 ) (version 3.2, release 26ef15d).

DETECTION OF MICROSATELLITE INSTABILITY BY SMMIP

To detect instability events without the need for patient-
matched normal material, we analyzed 30 residual pe-
ripheral blood specimens (which are constitutionally
negative for MSI) as above to establish a baseline for
sequencing artifacts. At each targeted locus, the distribu-
tion of alleles across samples was aligned based on the
most abundant allele length, and the mean and SD of
relative abundance were calculated for minor alleles at
each position.

Instability in clinical specimens was evaluated against
these summary statistics after matching the distribution
of alleles against the baseline at the most abundant allele
length. Loci were considered unstable if they had �1
alleles at greater relative abundance than predicted by the
mean and SD of the baseline at P � 0.001 (z-test). If a
given allele length in a clinical specimen was absent from
the baseline, a mean relative abundance of zero and SD
equal to the next closest allele were used to assess
significance.

DATA AVAILABILITY

Sequence data have been submitted to the National Cen-
ter for Biotechnology Information Sequence Read Ar-
chive under study accession PRJNA423139. Source
code for the data analysis pipeline is available from
https://bitbucket.org/uwlabmed/msi_smmips.

Results

ERROR CORRECTION, LINEARITY, LIMIT OF DETECTION, AND

ASSAY REPRODUCIBILITY

To enable the diagnosis of MSI across disparate cancer
types, we designed a smMIP panel targeting microsatel-
lite loci predicted to be preferentially unstable in MSI-H
tumors from multiple tissues of origin (10 ). smMIP-
mediated error correction substantially decreased the
number of artefactual microsatellite alleles resulting from
slipped strand mispairing during PCR amplification
(“stutter” artifact) (28 ), enabling the identification of
true allele lengths (Fig. 1).

We first evaluated the performance characteristics of
smMIP capture using defined control material. We com-
bined DNA extracted from MSI-H colorectal cancer cell
line LS174T with that from a nonneoplastic cell line
having an intact MMR system (NA12878) at various
proportions to simulate tumor heterogeneity or admix-
ture with nonneoplastic material. Triplicate preparations
of each dilution were generated and separately subjected
to smMIP testing to estimate assay variability.

Pure material from LS174T exhibited instability at
79.1% of the loci typed (Fig. 2), whereas only 7.1% of
microsatellites in the MSS diluent were unstable. Re-
markably, all dilutions containing �1% MSI-H cells ev-
idenced numbers of unstable loci that were readily and
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significantly (P � 1 � 10�5, 2-tailed t-test) distinguish-
able from the MSS control. The fraction of loci identified
as unstable was highly consistent across replicates (mean
SD of measurement � 0.016 unstable loci), as were in-
stability calls for individual loci, with 81.9% concor-
dance observed. The fraction of unstable loci quantified

was significantly associated with the abundance of MSI-H
material (R2 � 0.89). We concluded that smMIP-based
determination of MSI was highly reproducible and diagnos-
tically sensitive to detecting at least 1% MSI-H cells in a
heterogeneous tumor microenvironment.

DIAGNOSIS OF MSI ACROSS CANCER TYPES BY SMMIP

We next investigated the ability of smMIP capture to
diagnose MSI status in cohorts of tumors known to ex-
hibit different patterns of genomic MSI (10 ): colorectal
(n � 33 MSI-H; n � 35 MSS), endometrial (n � 24
MSI-H; n � 19 MSS), and prostate (n � 11 MSI-H; n �
22 MSS). Clinical MSI diagnosis was established in most
specimens using targeted gene capture for causative
MMR mutations with integrated genome-scale MSI test-
ing by NGS (22, 29 ), enabling more comprehensive
phenotypic and genotypic characterization of MSI status
(see Table 1 in the online Data Supplement).

MSI-H specimens displayed, on average, signifi-
cantly higher burdens of unstable sites than MSS tumors
(P � 6.27 � 10�36, 2-tailed t-test) (Fig. 3; see also Table
1 in the online Data Supplement). Specimens were read-
ily stratified into 2 groups that were consistent with their
clinical diagnosis as MSS or MSI-H using any breakpoint
between 0.14 and 0.22 unstable loci, determined as the
optimal decision threshold by ROC analysis. The back-
ground mutation rates of MSS specimens were not mark-
edly different across cancer types, with a mean fraction of
0.057 mutated loci per tumor. MSI-H specimens had
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Fig. 1. smMIP-mediated error correction for microsatellite locus typing.
Sequence results from a representative locus (remsi_23) are shown for MSS and MSI-H colorectal cancers before and after smMIP-mediated
error correction. In all panels, the x axis indicates the length of a microsatellite allele with respect to the human reference genome, and the y
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nearly an order of magnitude greater numbers of mean
unstable loci (0.56) but spanned a range of instability
values within individual cancer types. The mean total
load of unstable loci per MSI-H tumor was comparable
across cancer types, supporting the pan-cancer instability
of the targeted microsatellite markers. Colorectal tumors
exhibited the highest mutation rates (mean, 0.61 unsta-
ble loci), which was significantly greater than MSI-H
endometrial cancers (0.50 unstable loci; P � 0.014,
2-tailed t-test) but not distinguishable from MSI-H pros-
tate cancers (0.53 unstable loci; P � 0.13, 2-tailed t-test).
Analysis of the mutational profiles in each of the 3 types
of malignancy (see Table 3 in the online Data Supple-
ment) indicated that a subset of loci was unstable at
greater frequency in �1 specific cancer types, consistent
with earlier reports (10 ) and suggesting that this finding
reflects subtle, lineage-specific mutational profiles at
the selected loci rather than greater mutation fre-
quency overall.

Of the 144 specimens tested, 1 MSI-H endometrial
tumor (ENDO-POS-17), which was confirmed to har-
bor double somatic mutations in the MMR gene MSH64

and loss of MMR gene expression by immunohistochem-
istry, was falsely diagnosed as MSS by our assay. We
obtained 100% diagnostic sensitivity and 100% diagnos-
tic specificity for both colorectal and prostate tumors,
whereas diagnostic sensitivity of 95.8% and diagnostic
specificity of 100% were obtained for endometrial can-
cers. The smMIP assay was 98.5% sensitive and 100%
specific for diagnosing MSI-H when considering results
across cancer types altogether (Table 1).

DIAGNOSTIC COMPARISON AND QUANTITATIVE

CORRELATION WITH MSI-PCR

To compare smMIP capture with conventional gold
standard clinical molecular MSI diagnosis, commercially
available MSI-PCR (3, 14 ) was performed for all speci-
mens. Two tumors that were successfully typed by smMIP
failed MSI-PCR amplification and were subsequently ex-
cluded (see Table 1 in the online Data Supplement).

With 1 exception, discrepancies between MSI-PCR
and clinical MSI determinations represented MSI-H
cases that were diagnosed as MSS by MSI-PCR. These
discrepancies were further examined. Two prostate
tumors (Prostate-POS-08 and Prostate-POS-11) evi-
denced pathogenic inactivating lesions in MMR genes by
targeted gene sequencing, indicating false-negative MSI-
PCR results. Four of the 6 discrepant endometrial tu-
mors (Endo-POS-09, Endo-POS-17, Endo-POS-20,
and Endo-POS-22) demonstrated loss of MMR expres-
sion by immunohistochemistry and carried double so-
matic pathogenic mutations in MMR genes by targeted
sequencing, similarly indicating that the MSS diagnosis
by MSI-PCR was inaccurate. One endometrial tumor
(Endo-POS-14) had equivocal immunohistochemistry
results but demonstrated homozygous pathogenic muta-
tions in MSH6 that were consistent with an MSI-H phe-
notype. The final endometrial tumor (Endo-POS-12)
carried only a single somatic mutation in MSH2, but the
diagnosis of MSI-H was secondarily supported by loss of
MSH2 and MSH6 expression by immunohistochemis-
try, again supporting an inappropriate MSS diagnosis by
MSI-PCR. Of note, MSI-H endometrial tumor ENDO-
POS-17 was falsely diagnosed as MSS by both MSI-PCR
and smMIP.

Unlike smMIP, the performance of MSI-PCR var-
ied markedly across cancer types (Table 1). MSI-PCR
achieved 100% specificity across all tumor types and4 Human genes: MSH6, mutS homolog 6.
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100% sensitivity in colorectal tumors, but only 81.8%
sensitivity for prostate and 75.0% sensitivity for endo-
metrial tumors. Considering all specimens, the overall
diagnostic sensitivity of MSI-PCR for detecting
MSI-H was 88.0%.

Quantification of MSI as a continuous score corre-
lates with patient outcomes better than binary categori-
zation of tumors as either MSI-H or MSS (10 ). There-
fore, we examined whether the fraction of unstable
markers measured by MSI-PCR correlated with those
quantified by smMIP (Fig. 4). Although a weak positive
correlation between these 2 measurements was observed
for both MSI-H and MSS tumors, the statistical support
was not strong (R2 � 0.22 for MSI-H, 0.076 for MSS),
indicating that the 2 assays were dissimilar in their quan-
tification of instability burden.

Discussion

Here, we adapted smMIP technology as a novel molecu-
lar diagnostic platform for MSI testing that provides sev-
eral noteworthy advantages over existing conventional
and NGS approaches. First, unlike MSI-PCR (14 ) or
amplicon-based NGS MSI panels (30 ), smMIPs are
readily and highly multiplexable (27 ), such that thou-
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sands of microsatellites may be interrogated in the same
assay. This scale enables sufficient numbers of loci to be
examined such that mutational biases occurring in any
individual cancer type (10 ) can be effectively avoided,
providing a targeted assay that is valid for pan-cancer
MSI determination. Although by subsampling data we
have found that as few as 40 highly informative loci were
able to properly discriminate MSS from MSI-H tumors
in this study, the functional redundancy of the larger
panel provides increased robustness. Second, because of
their capacity for error correction and ability to detect
low prevalence alleles (32 ), smMIPs can identify insta-
bility events even in the background of substantial tumor
heterogeneity or nonneoplastic cell contamination,
which limits both conventional diagnostics and existing
NGS approaches. Third, smMIP technology is rooted in
massively parallel sequencing, providing a widely ad-
opted digital detection platform that supports automated
algorithmic interpretation (22 ). Fourth, the modular
construction of smMIP panels allows for focused and
ultrasensitive detection of other relevant cancer-
associated mutations (32 ) in parallel with MSI. Fifth,
our analytic strategy enables the robust detection of
MSI status without the need for sequencing patient-
matched normal material (22 ). Lastly, the costs of
library construction and required sequencing coverage
by this approach are low, enabling economic testing of
patient samples at scale (33 ); here, specimens were
prepared and sequenced each for �$80 US in material
costs.

In contrast to MSI-PCR, the current clinical stan-
dard of care for MSI molecular diagnosis, smMIPs
demonstrated superior performance across cancer types
(Table 1). MSI-PCR showed substantial numbers of
false-negative results for both prostate and endometrial
tumors, whereas smMIP-based diagnosis improperly
classified only a single endometrial specimen. Notably,
this discordant endometrial tumor was also classified
as MSS by MSI-PCR, and the consistency between
these 2 assays raises the possibility that the tumor’s
molecular signature may legitimately reflect a muta-
tional process that is distinct from MSI (10, 23 ). Re-
gardless of this possibility, our findings reinforce the
narrow validity of MSI-PCR only within colorectal
cancers (15–17 ) and demonstrate that informed selec-
tion of larger numbers of informative markers by
smMIP can recapitulate the pan-cancer performance
of exome or genome-scale NGS diagnostic approaches
for MSI (10, 22, 24, 25 ).

Although most MSI-H tumors were readily discrim-
inated from MSS, we noted substantial variability in the
overall fraction of unstable loci identified (Fig. 3). This
finding may partially reflect tumor purity (Fig. 2), but it
is important to acknowledge that MSI is better repre-
sented as a continuum than a binary classification

(10, 12 ). Tumors may span a range of overall MSI bur-
den (10 ). A continuous instability metric has been shown
to be a more meaningful predictor of clinical outcomes
than conventional MSI-H and MSS classifications, even
when applied among tumors considered MSS (10 ). The
large number of microsatellites that can be interrogated
by our smMIP assay aids in achieving quantification of
MSI load and its interpretation as a prognostic variable
(Fig. 4).

There exist alternative approaches to both MSI-
PCR and NGS-based MSI testing; however, none repre-
sents an ideal solution. Immunohistochemical detection
of MMR pathway genes in fixed tumor tissue using an-
tibody staining is an established approach utilizing com-
monly available but poorly standardized pathology meth-
ods (34 ). Although inexpensive and currently used in
clinical practice, it is less sensitive than molecular meth-
ods (34 ), requires interpretation by trained pathologists,
is lower throughput and prone to technical artifacts, and
can yield false-negative findings when point mutations
(rather than decreased expression) have affected MMR
genes (35 ) or when MMR dysregulation does not under-
lie MSI (10, 23 ). Immunoscore (21 ) quantifies the den-
sity of tumor-infiltrating lymphocytes, providing a func-
tional measure of neoantigens resulting from MSI.
Immunoscore has been shown to have superior predic-
tive power for tumor recurrence and patient survival
than conventional MSI assays (21 ); however, it is
costly to implement, requiring supporting analytic in-
frastructure, and is low throughput and labor inten-
sive. As a functional measurement, Immunoscore does
not directly assess microsatellite mutations or other
underlying genomic alterations. Finally, tumor muta-
tional burden is a disparate, and currently unstandard-
ized, NGS analysis that has recently been used to
quantify the DNA lesions present in a cancer (36 ).
However, tumor mutational burden has an unpredictable
relationship with MSI, and its prognostic significance for
immunotherapy response remains of questionable clin-
ical utility (36 –39 ). The accurate prediction of tumor
mutational burden also requires sequencing large numbers
of genes, either whole-exome sequence data or panels of at
least 400 genes (40), which is both cost and material limit-
ing for many tumors.

Pan-cancer MSI determination by smMIPs provides
enhanced testing compared with existing testing modal-
ities with respect to generalizability, performance, cost,
work flow, and interpretation. Use of this technology and
subsequent data analysis are scalable and amenable to
standardization across laboratories, offering a means to
accurately and economically screen large numbers of tu-
mors for MSI, regardless of their stage or tissue of origin.
Although here we have demonstrated robust perfor-
mance across 3 anatomically and physiologically distinct
tumor types, future work will seek to expand the range of
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cancers for which the assay has been empirically evaluated
and to better characterize quantitative metrics of MSI
and their clinical correlates.
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