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SUMMARY

Recent studies have shown that cancers arise as a result of
the positive selection of driver somatic events in tumor DNA,
with negative selection playing only a minor role, if any. The
present work indicates that in microsatellite instability
cancer, the high level of genomic instability generates both
positively selected somatic mutations that contribute to the
tumorigenic process but also recurrent somatic mutational
events that are negatively selected due to their deleterious
for the tumor cells.
BACKGROUND & AIMS: Recent studies have shown that can-
cers arise as a result of the positive selection of driver somatic
events in tumor DNA, with negative selection playing only a
minor role, if any. However, these investigations were con-
cerned with alterations at nonrepetitive sequences and did not
take into account mutations in repetitive sequences that have
very high pathophysiological relevance in the tumors showing
microsatellite instability (MSI) resulting from mismatch repair
deficiency investigated in the present study.

METHODS: We performed whole-exome sequencing of 47 MSI
colorectal cancers (CRCs) and confirmed results in an
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independent cohort of 53 MSI CRCs. We used a probabilistic
model of mutational events within microsatellites, while
adapting pre-existing models to analyze nonrepetitive DNA
sequences. Negatively selected coding alterations in MSI CRCs
were investigated for their functional and clinical impact in
CRC cell lines and in a third cohort of 164 MSI CRC patients.

RESULTS: Both positive and negative selection of somatic mu-
tations in DNA repeats was observed, leading us to identify the
expected true driver genes associated with the MSI-driven
tumorigenic process. Several coding negatively selected
MSI-related mutational events (n ¼ 5) were shown to have
deleterious effects on tumor cells. In the tumors in which dele-
terious MSI mutations were observed despite the negative
selection, they were associated with worse survival in MSI CRC
patients (hazard ratio, 3; 95% CI, 1.1–7.9; P ¼ .03), suggesting
their anticancer impact should be offset by other as yet unknown
oncogenic processes that contribute to a poor prognosis.

CONCLUSIONS: The present results identify the positive and
negative driver somatic mutations acting in MSI-driven
tumorigenesis, suggesting that genomic instability in MSI CRC
plays a dual role in achieving tumor cell transformation. Exome
sequencing data have been deposited in the European
genome–phenome archive (accession: EGAS00001002477).
(Cell Mol Gastroenterol Hepatol 2018;6:277–300; https://
doi.org/10.1016/j.jcmgh.2018.06.002)

Keywords: Colorectal Cancer; Microsatellite Instability;
Tumorigenic Process; Driver Gene Mutations; Positive and
Negative Selection.

See editorial on page 349.

cquisition of the multiple hallmarks of cancer
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Amainly is owing to somatic mutations. These hall-
marks are a convenient organizing principle to rationalize
the growth and complexity of tumors (for review, see
Hanahan and Weinberg1). Underlying these mutations is the
characteristic of genomic instability. This leads to the gen-
eration of mutant genotypes that confer advantages or dis-
advantages to the cells in which they occur, thus allowing the
cells to dominate or to involute within the tumor mass.2 Data
obtained from the analysis of thousands of tumors from
different primary sites have shown that unlike species evo-
lution, positive selection outweighed the negative selection of
somatic mutational events during tumor progression.3,4

Different types of genomic instabilities have been
described in human malignancies, including a subset of
cancers that is characterized by inactivating alterations of
mismatch repair (MMR) genes.5–7 These tumors show a
distinctive phenotype referred to as microsatellite insta-
bility (MSI). MSI affects thousands of microsatellite DNA
sequences, although numerous alterations also occur in
nonrepetitive DNA sequences during tumor progression.
This phenotype was first observed in tumors from in-
dividuals with the familial cancer condition known as Lynch
syndrome, and later in sporadic colon, gastric, endometrial,
and other cancer types.8–10 The activating BRAF V600E
somatic hotspot mutation,11 affecting a nonrepetitive coding
DNA sequence, plays an important role in the progression of
sporadic MSI colorectal cancer (CRC). However, most so-
matic mutations with a postulated role in MSI tumorigen-
esis are found in microsatellites contained within coding
regions, and to a much lesser extent in microsatellites
contained within noncoding gene regions (eg, intronic
splicing areas, or in the 5’ UTR or 3’ UTR).12 Because
microsatellites constitute hot spots for mutations in MSI
tumors regardless of their location in genes and the func-
tion of these genes, such frequent mutations could be
neutral or even detrimental to tumorigenesis.13,14 In
accordance with this working hypothesis, we previously
reported frequent inactivation of the HSP110 oncogenic
chaperone in MSI CRC.15–18

Recent advances in high-throughput sequencing have
made it possible to identify all genetic changes in human
MSI neoplasms. Kim et al12 reported a global view in 27
colon and 30 endometrial tumors with the MSI phenotype.
With regard to the selection of MSI-driven events, these
investigators did not take into account the strong influence
of the length and nature of DNA repeats on the frequency of
their instability, as shown earlier by several groups.14,19,20

Furthermore, nucleotide instability outside of DNA micro-
satellites was not investigated, even though this is an
important part of the landscape of somatic changes in MSI
CRC.21 Other studies have attempted to identify driver
genes containing selected mutations, or to use various
probabilistic models of unselected mutations in MSI CRC
while ignoring negative selection, which is more difficult to
establish.8,22 A recent study reported that tumors with a
mutator phenotype (including MMR-deficient cancers) ac-
quired more positively selected driver mutations than other
tumors, but found no evidence of negative selection.3 The
latter study investigated substitutions at nonrepetitive se-
quences, without taking into account repetitive sequences
that have high physiopathologic relevance in these tumors.

In the present study we performed whole-exome
sequencing (WES) of 47 MSI CRCs and validated results in
an independent series of 53 MSI CRCs from the The Cancer
Genome Atlas (TCGA). Overall, our results shed new light on
MMR-deficient tumorigenesis and suggest that genomic
instability inMSI CRC plays a dual role in achieving tumor cell
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transformation. They show hitherto unknown pathophysio-
logical aspects of MSI colon tumors that could lead to novel
therapeutic approaches specific for this tumor subtype.

Materials and Methods
Tumor Cohort of MSI CRC Patients Analyzed
by WES

Forty-seven patients who underwent surgical resection
for MSI CRC from the Hôpital Saint Antoine (Paris, France)
were selected for this study. Tumor samples and adjacent
normal tissue counterparts were collected and stored frozen
at -80�C before DNA extraction. DNA was purified using the
Qiamp protocol (Qiagen, Courtaboeuf, France) as recom-
mended by themanufacturer. Informed consentwas obtained
for all patients. Gene expression for 30 samples from this
cohortwas analyzedpreviously on theAffymetrixU133plus 2
chips as described (ThermoFisher Scientific,Waltham,MA).23

Tumor Cohort of MSI CRC Patients for
Survival Analysis

A total of 164 MSI CRC samples with available whole-
genome amplification (WGA) DNA were analyzed further
for association between MSI mutational events and relapse-
free survival (RFS).16

Exome Data Analyses
WES. For the 47 pairs of MSI CRC and paired adjacent
normal mucosa, 3 mg of genomic DNA was fragmented by
sonication and purified to obtain fragments of 150 to 200
base pairs (bp). The oligonucleotide adapters for
sequencing were ligated to DNA fragments and purified.
After purification, exonic sequences were captured by hy-
bridizing the sequences to biotinylated exon library baits,
which then were captured with streptavidin-coated mag-
netic beads that complex with biotin (SureSelect Human All
Exon Kit v5þUTR, 75 Mb; Agilent, Les Ulis, France). The
eluted fraction then was amplified by 4–6 polymerase chain
reaction (PCR) cycles and sequenced on an Illumina HiSeq
2000 sequencer as paired-end 75 bp (San Diego, CA). Image
analysis and base calling were performed using the Illumina
Real-Time Analysis Pipeline version 1.14 with default
parameters. Read-sequence Fastq files were generated and
quality control was checked following Illumina’s recom-
mendations and FastQC reports.
Overall mutation (single-nucleotide variant and
insertion/deletion) calling. The exome data analysis
was first performed using Illumina CASAVA 1.8.2 software
(San Diego, CA), which includes reads mapping and
variant calling. Exome sequencing data have been deposited
in the European genome–phenome archive (accession:
EGAS00001002477). Reads were aligned against the hg19
genome build (GRCh37 - Human genome assembly 19) with
ELANDv2, a gapped and multiseed aligner that reduces
artifactual mismatches and allows the identification of small
insertions/deletions (indels) (�10 nucleotide), which is
mandatory for analyzing microsatellite instability. Casava
then detects single-nucleotide variants and indel variants
independently in the tumor and normal samples. To
distinguish somatic from germline variants, the results are
combined and a Fisher test for base distribution between
normal and tumor DNA is computed. We then applied a
previously described method24 to generate a list of somatic
variants. Quality control filtering removed variants
sequenced in <10 reads, with <3 variant calls or with a
Quality-Phred of <20. Variants were considered to be of
somatic origin when the frequency of variant reads was
�10% in the tumor and <5% in the normal counterpart,
with significant enrichment of variant calls in the tumor as
assessed by the Fisher exact test (P < .05). Variants then
were annotated with Annovar for gene symbol, gene
structure location, and exonic functional impact using the
RefGene database (hg19 version). Common polymorphisms
with a reported frequency of >1% were removed after
comparison with the 1000 Genomes Project database and a
proprietary database of exomes from normal tissues. Vari-
ants were functionally annotated using the annotations
provided by Annovar based on the LJB databases (include
SIFT scores, PolyPhen2 HDIV scores, PolyPhen2 HVAR
scores, LRT scores, MutationTaster scores, Muta-
tionAssessor score, FATHMM scores, GERPþþ scores,
PhyloP scores, and SiPhy scores). When the annotation was
not provided, PolyPhen2, Sift, and Provean software were
used. If at least one of the methods defined the mutation as
damaging, the mutation was annotated as deleterious. The
mutation incidence in each tumor was evaluated by dividing
the number of somatic mutations by the number of exonic
bases covered by �10� in both the tumor and normal
samples. Mutations were classified into nonrepetitive (NR)
and repetitive (R) sequences using the microsatellite list
defined with MSIsensor (see later).
Mutation calling in microsatellite sequences. To
analyze mutations extensively at microsatellite sequence
sites, we used the software MSIsensor25 version 0.2, a
program for detecting somatic microsatellite changes. First,
the list of microsatellites was generated using the scan
command of MSIsensor, which searches for sequences of
1–5 bases repeated at least 5 times in the human reference
genome sequence (NCBI build37.1 genome fasta file). Then,
using the MSIsensor msi command, the mutation status for
each microsatellite site (with �20 mapped reads) and each
tumor/normal tissue pair was estimated by comparing the
read-length distribution between tumor and normal sam-
ples using the chi-square test. P values for each microsat-
ellite were extracted from MSIsensor outputs and used to
define the microsatellite mutation status (if P < .05, the
microsatellite was considered to be mutated). Each micro-
satellite was annotated for gene symbol and gene region
type location (exonic, intronic, 5’ UTR, and 3’ UTR) using
Annovar, according to the RefGene database (hg19 version).
Driver mutation selection in nonrepetitive
sequences. Casava mutation (SNV and indel) calling results
in coding regions was defined by Annovar and outside re-
petitive sequences. We applied MutSigCV (v1.4) and Intogen
online software with default parameters. Many genes previ-
ously published as potential drivers in MSI CRC were not
found with those 2 gold standard methods. To allow
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recovering these genes, we implemented a simpler method:
intrasample binomial laws are fitted to report the different
probabilities of mutation from one sample to another; given a
sequence, its probability to be mutated at least once is
calculated in each sample according to the corresponding
binomial law; these probabilities then are combined across
samples using the Fisher combined probability test. The
resulting statistics then are compared with an empiric null
distribution drawn using intronic and synonymous mutations.
Driver mutation selection in repetitive sequences. For
each repeat i ¼ 1; .n ð7� 105 � n � 3 � 106Þ, we
observed the following: a count Yi with values in [0, ni],
where ni is the number of observed tumor samples for this
repeat, and the repeat length xi (with values from 5 to 27). We
tried logistic models on the data but they miss fitting our
data well enough for 2 reasons: the observed mutation
proportion for 1 repeat never goes to 1, and we observed
overdispersion as compared with the logistic model. We
consequently added the parameter a to adjust for the first
observation and chose a 2 layer-model to model the over-
dispersion.26 The model contained 2 layers. In the first

layer, let pi ¼ expðaþb0þb1 xi Þ
1þexpðb0 þ b1 xi Þ and ~pi wbðpic; ð1� piÞcÞ,

where b stands for the b distribution. The random variable

pi has moments equal to E ð~pi Þ ¼ pi :¼ expðaþ b0 þb1 xi Þ
1þexpðb0 þ b1 xi Þ ;

and Vð~pi Þ ¼ Bpið1� piÞ with c ¼ ðB�1 � 1Þ . In the
second layer, the distribution of Yi conditionally to ~pi is
Bðni; ~pi Þ, the joint distribution of ðYi; ~pi Þ then is propor-

tional to ~pi
yi
i ð1� ~piÞni�yi ~pi

pic�1–ð1� ~piÞð1�piÞc�1Þ
1

Bðpic;ð1�piÞcÞ, where Bðu; vÞ is the b function at points u et v. The

marginal distribution of Yi then is proportional

to Bðyiþpic;ni�Yiþð1�piÞcÞ
Bðpic ;ð1�piÞcÞ ¼ Gðpicþð1�piÞcÞGðyiþpicÞGðni�yiþð1�piÞcÞ

GðpicÞGðð1�piÞcÞGðniþpicþð1�piÞcÞ ,

where G is the gamma function. The log-likelihood term
log f ðyi; c;a; b0 ; b1Þ for individual i then equals
(logðGðyiþpicÞÞ� logðGðpicÞÞÞþðlogGðni�yiþð1�piÞcÞÞ�
logðGðð1�piÞcÞÞÞ� logðGðniþcÞÞ� logðGðcÞÞÞ up to a con-
stant (depending on yi and ni).

To take into account the presence of outliers in the data,
a parameter vi was added in the probability pi, in the same
fashion as described by Tibshirani and Manning,27 which

becomes E ð~pi Þ ¼ expðaþb0þb1xi þviÞ
1þexpðb0þb1xi þviÞ . To overcome the high

dimensionality of our model, we added a lasso penalty.27

The optimization problem to solve is as follows:
minc;a; b0;b1;vi;.;vn � 1

n

Pn
i¼ 1log f ðyi; c;a;b0;b1;v1Þþ lkvk1. It

is performed through a proximal-stochastic gradient
descent (see Bertsekas28). All algorithms were developed in
Python 3.5 and are available on request. The regularization
parameter l in the lasso usually is chosen through cross-
validation. However, in our context, this technique does
not seem relevant. Hence, cross-validation techniques split
the data in training and testing sets, fitting the model on the
training set and measure its performance on the testing set,
across a grid of tuning parameters to choose the best. The
problem here is that we obviously cannot learn the out-
lyingness of an observation thanks to other observations. In
other words, what we learn in the training parts is not
useful for the testing parts. Moreover, the result of the
cross-validation would highly depend on how the outliers
are distributed in the sets. Therefore, we used a heuristic
technique of the L-curve, allowing us to choose a l,
providing us with a high likelihood together with control of
the number of outliers. Once the hyperparameters a; b0 and
b1 were estimated, Pearson residuals29 were calculated for
each repeat. We then applied the Benjamini Hochberg
Yekutieli multitest procedure to detect significantly large
residuals. Repeats with detected residuals were finally
assigned to the positively selected, respectively the nega-
tively selected when their associated residuals were nega-
tive, respectively positive.
Functional analysis in CRC cell lines and primary
colon tumor samples. To analyze for the enrichment of
genes belonging to specific biological processes (Gene
ontology), mutated genes that were positively or negatively
selected were analyzed using DAVID30 against the Homo
sapiens database (P < .05; number of genes, �5).

CRC cell lines were purchased from the American Type
Culture Collection (Manassas, VA). All cells were cultured in
Dulbecco’s modified Eagle medium supplemented with 10%
fetal bovine serum, 1% penicillin/streptomycin in a hu-
midified atmosphere at 37�C supplied with 5% CO2. All cell
lines were mycoplasma free. Primary tumors and normal
colon tissues were obtained from patients with CRC un-
dergoing surgery at the Hospital Saint-Antoine between
2009 and 2014 and after informed patient consent was
obtained and approval from the Institutional Review
Boards/Ethics Committees of Hospital Saint-Antoine (Paris,
France). Patients with CRC (1998–2007) from 6 centers
involved in a study of MSI status were described previously.

Mutation Analysis
Specific primers for exonic coding of DNA repeats of

negatively selected gene mutations were designed using
AmplifiX software (V1.7). PCR amplification was performed
on tumor DNA amplified by WGA technology using the
Illustra GenomIphi DNA Amplification V2 kit (GE Health-
care, Velizy-Villacoublay, France). Absence of artifactual
alteration of microsatellite sequences caused by WGA was
validated by comparing Amplified Fragment-Length Poly-
morphism traces of several long microsatellites before and
after WGA on a 3100 GA (Applied Biosystems, Foster City,
CA). Fluorescent PCR products were run on an ABI PRISM
3100 Genetic Analyzer with GS400HD ROX size standard
and POP-6 polymer (Thermofisher Scientific, Waltham, MA),
and Gene mapper software (V4.0, Thermofisher Scientific)
was used to analyze negatively selected mutations in exonic
microsatellite traces (Applied Biosystems, Foster City, CA).
Oligonucleotide sequences are available on request.

Transient Gene Silencing by Cell Transfection
and Treatments

A total of 1.25 � 105 cells were cultured in a 6-well plate
for 24 hours. Cells then were transfected with Silencer
Select (Thermofisher Scientific) small interfering RNAs
(siRNAs) (2 targets per gene) using Lipofectamine RNAimax
according to the manufacturer’s recommendations
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(Thermofisher Scientific). siRNA inhibition was assessed
48 hours after transfection by real-time quantitative PCR
(Thermofisher Scientific). To induce apoptosis, 48 hours
after transfection the cells were treated with TRAIL agent
(Invitrogen, Carlsbad, CA, États-Unis) for 3 hours at 50
ng/mL (FET) or for 4 hours at 30 ng/mL (HCT116), 100
ng/mL (SW480, RKO, and SW620), and incubated at 37�C,
5% CO2.

Analysis of Cell Apoptosis
Apoptosis was analyzed by flow cytometry using

an Annexin V–fluorescein isothiocyanate and 7-amino-
actinomycin D staining kit (Beckman Coulter, Inc, Brea, CA)
48 hours after transfection. Cells were detached using
StemPro Accutase cell dissociation reagent at room tem-
perature for 10 minutes and stained with reagents ac-
cording to the manufacturer’s recommendations. Each
sample was evaluated by flow cytometry (Gallios, Beckman
Coulter, Inc). Data were analyzed using Kaluza Flow Anal-
ysis Software (Beckman Coulter, Inc).

Real-Time Cell Proliferation, Migration
Monitoring, and Data Analysis

HCT116 cells were seeded at a density of 3 � 104 cells/
well into E-plate 16 (ACEA Biosciences, Inc, San Diego, CA)
and monitored on the xCELLigence Real-Time Cell Analyzer
(RTCA) Dual Plate instrument (ACEA Biosciences, Inc) ac-
cording to the manufacturer’s instructions. Cell prolifera-
tion was assessed by electrodes in chambers and
impedance differences within an electrical circuit were
monitored by the RTCA system every 15 minutes for up to
50 hours. Cell migration was assessed using a CIM plate
device of the xCELLigence system. The CIM plate consists of
2 chambers separated by a microporous membrane (pore
size, 8 mm) attached to microelectrodes. In this case, the cell
index calculated on the basis of impedance measurements
reflects the number of cells that migrate through micro-
pores monitored by the RTCA system every 15 minutes for
up to 50 hours. These differences are converted into a cell
index. The baseline cell index is determined by subtracting
the cell index for a cell-containing well from the cell index of
a well with only culture media. The experiments were
performed in triplicate and repeated at least 3 times. The
cell index was expressed as the means ± SEM from at least
3 independent experiments.

Transfection With Short Hairpin RNAs
and Xenografts

Cloning of the pEBV (Epstein-Barr Virus plasmid)
siRNA vectors and establishment of silenced cells were
performed as described previously.31 We used the DSIR
program (Designer of Small Interfering RNA) to design
short hairpin RNA (shRNA) sequences to target the WNK1
and PRRC2C genes. RNA interference sequences targeting
the genes are available on request. Cells carrying the
pBD650 plasmid that expressed a scrambled shRNA
sequence were used as a control. Cells were plated 24
hours before transfection with Lipofectamine 2000
Transfection Reagent (Thermofisher Scientific) according
to the manufacturer’s recommendations. Twenty-four
hours later, the cells were trypsinized and seeded
in culture medium supplemented with hygromycin
(125 mg/mL for the HCT116 cell line or 250 mg/mL for
the SW480 cell line). After 2 weeks, gene silencing was
monitored by reverse-transcription quantitative PCR
analysis. Ten million HCT116 or SW480 cells transfected
with shRNA were injected subcutaneously into the flank
of female nude mice (Charles River Laboratories,
Wilmington, MA) at 6 weeks of age. Tumor size was
measured with a caliper every 2 days over 30 (HCT116
cell line) or 28 (SW480 cell line) days. Mice were killed
when the tumors reached 1500 mm3. The mice were
treated according to guidelines from the Ministère de la
Recherche et de la Technologie (Paris, France). Statistical
methods to predetermine sample size in mice experi-
ments were not used and the experiments were not
randomized. During experiments and outcome analysis,
the animal group allocations were not blinded. All ex-
periments were conducted according to the European
Communities Council Directive (2010/63/UE) for the care
and use of animals for experimental procedures and
complied with the regulations of the French Ethics Com-
mittee in Animal Experiment (committee: Charles Darwin)
registered at the Comité National de Réflexion Ethique sur
l’Experimentation Animale (Ile-de-France, Paris, France).
All procedures were approved by this committee. All ex-
periments were supervised by an author (A.C.) and all
efforts were made to minimize suffering.

Immunohistochemistry
Briefly, 4-mm–thick sections of paraffin-embedded tis-

sue samples were cut onto silane-treated Super Frost
slides (CML, Nemours, France) and left to dry at 37�C
overnight. Tumor sections were deparaffinized in xylene
and rehydrated in pure ethanol. Before immunostaining,
antigen retrieval was performed by immersing sections in
citrate buffer, pH 6.0 (WNK1) (15 min at 95�C), washed
twice in phosphate-buffered saline (PBS) for 3 minutes,
and treated with 3% H2O2-PBS for 15 minutes to inhibit
endogenous peroxidases. After washing in PBS, slides were
saturated for 25 minutes in 3% bovine serum albumin
PBS. Sections then were incubated for 1 hour at room
temperature with antibody to WNK1 (dilution 1/100;
clone ab128858; Abcam, Cambridge, United Kingdom).
After washing in PBS, secondary antibody (8114P; Cell
Signaling, Danvers, MA) was added for 30 minutes at room
temperature. Slides were washed twice for 5 minutes in
PBS and shown using the Novared kit (Vector, Burlingame,
CA). Slides were washed twice in water for 5 minutes and
counterstained with 10% Meyer’s hematoxylin. After 1
wash in water, slides were dehydrated in 100% ethanol
and in xylene for 30 seconds each. Apoptosis was quanti-
fied by counting the number of labeled cells with
anti–caspase 3 antibody per 100 tumor cells in the most
affected areas.
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the sample of each transi-
tion type. (C) Frequency of
C to T mutations according
to the flanking base. (D)
Distribution of the number
of mutations according to
the flanking bases for each
type of base substitutions.
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Survival Analysis
In the cohort of 164 MSI CRC patients, the association

between mutations and survival was assessed by multi-
variate Cox proportional-hazards regression analyses and
adjusted by TNM stage. This was performed for 5 negatively
selected target MSI mutations. This also was performed for
a Boolean mutational index that was calculated from the
mutational status of the 5 target genes in each tumor
sample. The proportional-hazards assumption was tested
using the cox.zph function. RFS was used and defined as the
time from diagnosis to first relapse time or death from a
cancer cause only. The cut-off point for statistical signifi-
cance was .05.
Figure 1. (See previous page). Genetic instability in MMR-de
blue) and NR (dark blue) sequences. Bar plots represent the distr
intronic, 5’ UTR) captured by WES in R (light blue) and NR (dark
captured megabase (Nb mutations/Mb) across the whole exom
sequences (dark blue). The median mutation rate in all types of
dotted line. The heatmap below shows the percentage of mutat
the number of mutations per megabase (log10 scale) in all types o
in MSI CRC within R sequences (light blue), and in MSI CRC with
frequencies for each MSI tumor. The results of the t test betw
percentage of genes with different mutation frequencies for MSI
represent the number of mutations per megabase for 3 genomic
the value for individual tumors (n ¼ 47). The results of the t test b
frequencies of 3 gene regions (UTRs, coding exonic, intronic) are
NR (left) and R (right) sequences. Mutation frequencies in R seq
nucleotide composition (colored dots and lines). IHC, immunoh
Results
Exome-Wide Analysis of MMR-Deficient CRC:
Genomic Instability at Nonrepetitive and
Repetitive DNA Sequences

We examined WES data from 47 primary MMR-
deficient CRCs defined as having MSI according to inter-
national criteria.32,33 The genome fraction covered by
WES was 75 MB, including UTR (37%), coding exonic
(56%), and intronic (7%) regions. Repetitive DNA se-
quences represent less than 3% of the genome fraction
covered by WES (roughly 2 Mb of 75 Mb), with 56% in
intronic, 19% in coding exonic, and 25% in UTR regions
(Figure 1A). Computational methods were used to
ficient CRC. (A) Pie chart represents the portion of R (light
ibution of the 5 genomic region types (3’ UTR, coding exonic,
blue) sequences. (B) Bar plot of the number of mutations per
e for 47 MSI tumors in R sequences (light blue) and in NR
CRC was described previously25 and is indicated by the red
ed genes in coding R and NR sequences. (C) Box plots show
f CRCs from the TCGA colon adenocarcinoma data set (red),
in NR sequences (dark blue). Grey dots indicate the mutation
een groups were as follows: ***P < .001. (D) Bar plot of the
(blue) and microsatellite stable (MSS) (red) CRCs. (E) Box plots
regions (UTRs, coding exonic, intronic). Grey dots represent
etween groups were as follows: ***P < .001. (F) The mutation
shown, where grey dots represent each individual mutation in
uences are shown according to the microsatellite length and
istochemistry.



Figure 3. Identification of candidate driver genes with mutations in NR sequences. (A) Distribution of mutation types in
coding NR regions according to their functional impact (annotation tool Annovar). The functional impact was based on several
methods, with a mutation considered as deleterious if at least 1 of those methods estimated it to be deleterious. The average
percentage of each mutation type per sample is shown in the inset. (B) Schematic representation of the 3 methods (MutSigCV,
Intogen, combined binomial) used in this study to identify driver mutations (see the Methods section for details). (C) Heatmap
of the significance (q values) of mutated genes commonly described for their functional impact in MSI CRC using Intogen,
combined binomial, and MutSigCV analyses. (D) Oncoprint representation of mutations in coding NR sequences within each
sample for the 25 top significantly mutated genes (indicated in darker grey for each approach on the side annotation heatmap)
and for the 5 significant genes considered as driver genes by Intogen (indicated in black on the side annotation heatmap)
across samples. Top and side bar plots indicate the percentage of each type of mutation within the sample and within the
gene, respectively.
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identify somatic mutation events at both NR and R DNA
sequences (see the Methods section for futher details).
Investigations were restricted to mononucleotide R se-
quences because these are the most frequently affected
by somatic mutations in MMR-deficient cells and often are
located in coding regions or in noncoding UTR sequences
endowed with putative functional activity.12 Repeats of at
least 5 nucleotides in length were considered, in accor-
dance with the definition of DNA microsatellite se-
quences. Mutations in R and NR sequences occurred in
similar proportions, representing on average 60% and
40% of all somatic events, respectively (Figure 1B). These
mutations accumulated in parallel in MSI tumor samples
(Figure 1B) (P ¼ 2.47 � 10-14; R ¼ 0.85). Relative to the
fraction of covered genome, the mutation rate observed in
R sequences was approximately 24-fold higher than in NR
sequences, expectedly. No significant differences were
observed between MSI CRC from Lynch syndrome and
sporadic cases, or between tumors with different TNM
stages (Figure 1B). A much higher number of mutations
was observed in this MSI colon tumor cohort compared
with the overall incidence of mutations reported for all
CRCs34 (Figure 1C). This high rate of mutation resulted in
a much higher proportion of genes with mutations in
coding regions (6% vs 1%) (Figure 1D).

Mutation frequencies also were evaluated in coding,
UTR, or intronic regions (Figure 1E and F). For both NR and
R sequences, a significantly higher mutation frequency was
observed in intronic compared with coding exonic and UTR
regions of the tumor genome (Figure 1E), expectedly. We
confirmed at the exome scale that both the length and
composition amino acid constitution of these DNA repeats
(A/T vs C/G) determine their mutational frequency
(Figure 1F). There was almost 100% probability of muta-
tion if the microsatellite repeat length was longer than 14
bp, consistent with previous results.13,14,20 Mutation events
also were more frequent in G/C nucleotide repeats
compared with A/T repeats. These observations indicated
that distinct models are needed to analyze the occurrence of
mutations in R and NR sequences in MMR-deficient tumors.
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Figure 4. Positive and negative selection in repetitive sequences in MSI CRC. (A) Distribution model of mutation fre-
quencies across samples in microsatellites in UTRs or coding exonic regions according to repeat length for A/T nucleotides.
The color gradient indicates the density of the b-binomial logistic regression model. The blue curve represents the median of
observed mutation frequencies, and the red curve represents the median obtained from the model. This figure shows the
statistical model and outliers for adenosine/thymine. (B) Box plot representation of mutation frequency variations according to
the nucleotide composition of the microsatellite and to the repeat length. The significant independence of the chi-squared
distribution is annotated by asterisks as follows: *P < .05, and ***P < .001. (C) Distribution of microsatellite mutations
(log10 scale) in the 3 gene regions (UTRs, coding exonic, and intronic) according to repeat length. (D) Distribution of outlier
mutation in microsatellites contained in UTRs and in coding exons. Positively and negatively selected microsatellite mutations
are represented above and below the dotted line, respectively. (E) Distribution of the percentage of outlier mutations (log10
scale) according to repeat length. The significant independence of the chi-squared distribution is annotated by asterisks, as
follows: *P < .05, **P < .01, and ***P < .001.
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Modeling the Occurrence of Mutations in
Coding, Nonrepetitive DNA Sequences
Identifies Known and New Actors in MSI
Colorectal Tumorigenesis

As shown in Figure 1, MSI colon tumors accumulate
somatic mutations in R and NR DNA sequences at
similar proportions. For NR sequences, the analysis of
nucleotide substitutions in MSI tumors is shown in
Figure 2. In coding sequences, they mostly consisted of
nonsynonymous nucleotide substitutions that probably
were deleterious in the majority of cases (>50%)
(Figure 3A). Only a small number of events in NR
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sequences were indels (Figure 3A), in line with a pre-
vious report.35

We next aimed to identify mutational events in NR se-
quences that showed an abnormally high frequency in tu-
mor DNA (ie, positively selected mutational events)
(Figure 3B and see the Methods section for details). Overall,
we identified the 141 most consensual driver genes of colon
tumorigenesis (Figure 3C and Supplementary Table 1). The
top 30 driver mutated gene list is shown in Figure 3D and
Supplementary Table 2, and includes recognized master
genes in colorectal oncogenesis such as BRAF, APC, KRAS,
and PIK3CA (Figure 3C).
Modeling the Occurrence of Mutations in
Repetitive Sequences Shows Positively
and Negatively Selected Events in the MSI
Tumor Genome

In cancer cells, somatic mutations occur randomly
(mutational background) across the genome. In MSI tumor
cells, DNA microsatellites constitute natural hot spots for
these somatic events and the MSI tumor type is character-
ized by a high background of instability in repeat sequences.
The mutability of DNA repeats within MSI tumors depends
on functional and structural factors, as well perhaps on
other as yet unidentified factors. Taking into account these
previously described structural criteria,13 that is, repeat
length and nucleotide composition (adenosine/thymine vs
guanine/cytosine) (Figure 1), we developed a statistical
model (see Methods for further details) that discriminated 3
functional categories of MSI-linked somatic mutations
A

B

occurring at DNA repeats: the first category is positively
selected events that confer benefits to the MSI tumor cells
in which they occur because they have an oncogenic impact.
These are believed to be positive drivers of the MSI-driven
tumorigenic process and their mutation frequencies are
higher than expected by chance in the model. The second
category is negatively selected events that are deleterious
for the tumor cells in which they occur because they have
an anticancer impact. These are believed to be negative
drivers of the MSI-driven tumorigenic process and their
mutation frequencies are lower than expected by chance in
the model. The third category is MSI-linked mutational
events owing to background that do not confer benefits or
have any oncogenic impact. Their mutation frequencies are
found within the background level for MSI by the model.
Although such neutral events are not thought to play a role
during tumor progression, some gene alterations could have
functional significance when they occur together.

Most allelic shifts were deletions and/or insertions of 1
bp, or more rarely 2 bp (data not shown). These were
considered equally as mutant alleles in the genomic anal-
ysis of instability at mononucleotide repeats. A similar
pattern was observed for dinucleotide repeats (data not
shown). To build the model, only MSI-related events that
occurred in mononucleotide R sequences were considered
because these largely predominate over others such as in
dinucleotide repeats8,12 (see the Methods section for
further details). Repeat length was used as an input
parameter for the model and 2 models were fitted: one for
A/T composition and the other for G/C composition
(Figures 4B and 5). The density of the model for A/T
Figure 5. Outliers identi-
fication and visualiza-
tion. Distribution of
mutation frequencies of
microsatellites according
to repeat length. Green
dots and blue dots repre-
sent microsatellites posi-
tively and negatively
selected outlier mutations,
respectively, in MSI tu-
mors. Coding exonic out-
liers are indicated by a x
and UTR outliers are indi-
cated by a circle. This
figure shows the statistical
model and outliers for (A)
adenosine/thymine and
(B) guanine/cytosine.
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Figure 6. Mutation frequency validation and redefinition of true MSI target genes. (A) Mutation frequency of outlier
mutations observed in the present exome cohort and in the TCGA cohort. (B) Mutation frequency for the 9 outlier mutations
coding microsatellites contained in the putative target genes for MSI in a large independent cohort of colon tumors (n ¼ 180)
and the TCGA cohort (n ¼ 53). (C) Distribution of mutation frequencies in coding microsatellites according to repeat length
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Examples of published targets for MSI are shown within rectangles, and those not subject to selection are indicated in black
text.
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composition of repeats is shown in Figure 4A. Micro-
satellites that were shown within our model, abnormally
high or low mutation frequency within UTRs, or coding
exonic regions are indicated (Figure 4A and
Supplementary Table 3). Overall, we identified 1050 and
561 outlier events showing aberrant positive and negative
selection in MSI CRC, respectively. These included 1376
mutations in UTR sequences (828 and 548 showing posi-
tive or negative selection, respectively) and 235 mutations
in coding sequences (222 and 13 showing positive or
negative selection, respectively). With the exception of
these 13 frameshift mutations that affected coding DNA
sequences (see later), negatively selected events were
observed almost exclusively in noncoding microsatellites
(UTRs). In contrast, positively selected mutations were
observed in both coding and noncoding DNA repeats
(Figure 4C–E).

According to our model, we could only identify nega-
tive selection at long DNA repeats, that is, those at least 9
bp in length (Figures 4A and 5). Because these long DNA
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Figure 8. Mutation frequency of selected pathways. For each gene that belongs to a specific biological pathway, the
mutation frequency is indicated in a grey square. Ag, Antigen; MAPK, Mitogen Activated Protein Kinases.
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repeats are mainly noncoding and located in UTR parts of
human genes (5404 UTR candidates vs 248 in the coding
DNA), the great majority of negatively selected mutations
consequently were identified within UTR DNA repeats.
However, when the number of negatively selected events
was normalized by taking into account the overall num-
ber of microsatellites in coding and UTR regions
(Figure 4C–E), no significant enrichment for negative se-
lection in UTR vs coding repeats was observed in MSI
CRC (13 of 267 [4.9%] vs 548 of 7030 [7.9%], respec-
tively). Overall, our analysis of MSI through exome
sequencing led us to identify 563 mutations that were
negatively selected in MSI CRC, representing <10% of the
candidate coding and UTR DNA repeats with a size �9 bp
as described earlier.
Figure 7. (See previous page). Participation of positively and
Significant gene ontology terms enriched in outlier mutations c
Details of all gene ontology terms are available in Supplementary
outlines) and NR sequences (dotted outlines) result in a coordin
that are unselected (circles), positively selected (rectangle), or n
color code (red for gain of function and green for loss of function)
bold font for activation of the pathway and light grey font for inh
signaling pathways are indicated by a red rectangle and negativ
Percentage of outlier mutations in R sequences located in codi
mRNA expression level (comparison of mutated and wild-type
mutations leading to up-regulation of gene expression (in brow
pendence of the chi-squared distribution is annotated by asteri
that may contribute to the MSI tumor phenotype because of the
gene expression, and the selective pressure at which the MS is
(Log2(fc))) indicates the log base 2 of mRNA expression betwee
selective pressure, biological function, gene name, and the gen
Validation of Exome-Wide Analysis of MSI
and Refining the List of MSI Target Genes in
MSI CRC

We next compared our results with those of the TCGA
consortium, which used MuTect2 caller in 53 MSI CRC. The
mutation frequencies observed at microsatellite loci were
highly similar in both cohorts (R ¼ 0.86; P < 2.10-16)
(Figure 6A). Instability at 9 microsatellite loci also was
investigated using PCR and Restriction Fragment Length
Polymorphism in an independent cohort of 180 MSI CRCs.
By using this manual gold standard method, very similar
mutation frequencies were observed for these 9 coding
repeat sequences in the 2 cohorts with the 2 methods,
including 8 in which we validated the low mutation fre-
quency (Figure 6B).
negatively selected events in cancer-related pathways. (A)
ompared with their abundance in all genes in the genome.
Table 4. (B) Interactions between mutations in R (continuous

ated effect on 4 signaling pathways. The effects of mutations
egatively selected (stars) are indicated above the genes by a
. Prediction of the global effect of mutations is represented by
ibition. Genes known to be positive regulators (activators) of
e regulators (inhibitors) are indicated by a blue rectangle. (C)
ng exons and in UTRs leading to significant dysregulation of
tumors in each case). Upper: Proportion of microsatellite
n); lower: Down-regulation (in green). The significant inde-

sks, as follows: ***P < .001. (D) List of MS candidate outliers
ir biological functions, the effect of mutations on the level of
constrained (positive or negative selection). Log2(fold change
n the MS mutant allele vs MS wild type. For each gene, the
e region of the MS are indicated.



Figure 9. Exonic outlier mutation genes: mutation positions and negative selection validation. (A) Negatively selected
coding exonic outliers identified in this study (repeat length: 10). (B) Schematic structure of wild-type (in grey) or mutant (in
black) proteins of the 9 outlier mutation genes in which mutations were negatively selected in MSI tumors. *Genes that are not
investigated in the present study because mutations do not match with putative loss of function (RXFP1, SYCP1, RNASEH2B)
or because gene silencing was not successful (CHD2). (C) Table of the 5 outlier mutations negatively selected in MSI tumors
identified from exome sequencing data and investigated here by functional analysis. Four of the 5 genes have a literature-
documented role that supports negative selection of their mutations because of the tumorigenic implication.
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According to the published literature, the majority of
known and extensively analyzed target gene mutations in
MSI CRCs were found here in MMR-deficient CRCs. These
included AXIN2, CDX2, BCL10, APAF1, CHCK1, PLH3, BLM,
RAD50, WIP3, MBD4, CASP5, and AIM2 (Figure 6C). How-
ever, TGFBR2, ACVR2A, BAX, MSH3, MSH6, IGF2R, and
several others remained in the group of genes with posi-
tively selected mutations in MSI tumors. Interestingly, this
group mostly contained a small coding repeat (5–7 bp in
length) whose mutation frequency was not high but
nevertheless was subjected to strong positive selection
pressures according to our model (eg, UNC5B, PTEN, and
APC). Finally, our signature also contained a small number
of target genes with a long coding repeat (9 or 10 bp in
length) whose mutations were negatively selected in MSI
tumors (Figure 6C) and in which we further assessed the
functional impact (see later).
Investigating the Interplay Between MSI,
Changes in Gene Expression Level, and
Cancer-Related Pathways

We next tested the hypothesis that both positively and
negatively selected outlier mutations in R sequences
constitute major events in MSI tumorigenesis that result in
pro-oncogenic or anti-oncogenic impacts, respectively. To
do this we assessed gene ontology terms associated with
these mutations and found several to be enriched signifi-
cantly in such events (Figure 7A and Supplementary
Table 4). These outlier mutations were observed in
cancer-related pathways known to play an important role in
tumor development (eg, Wnt/Wingless and RAF/RAS/MAPK
signaling), or with antitumor immunity. Their positive or
negative selection in MSI tumors were likely to accord with
their expected positive or negative impact, respectively, on
the activity of these pathways in CRC (Figures 7B and 8).

We then assessed whether these outlier mutations
influenced the expression level of the corresponding target
gene in MSI tumors. Several mutations in coding regions
Figure 10. (See previous page). Validation of the deleterious
cytometry analysis of the apoptosis (Annexin V) of untreated (tr
SW480 (microsatellite stable, right panel) CRC cell lines transfect
GART, RFC3, and/or PRRC2C), or with scrambled siRNA (uppe
genes are shown, leading to an additive effect in increasing the
the means ± SEM of 3 independent experiments for single spec
down-regulation performed in triplicate. t test: *P < .05, **P
compared with control (si scramble in black; single siRNA indic
sorter analysis are shown in Figure 12. (A and C) To evaluate the
proliferation and migration rate of HCT116 cell lines, real-time
xCELLigence system was performed. With this instrument, silen
attenuate cell proliferation and migration significantly, whereas
index for proliferation and migration are presented as means ± S
Two-way analysis of variance using the Bonferroni post hoc test
or PRRC2C shRNA in CRC cells leads to decreased tumor grow
tumor volumes) in xenografts derived from HCT116 and SW
respectively, and compared with cells containing a scrambled s
PRRC2C group. Data represent means ± SEM, t test: *P <
transcription quantitative PCR expression analysis at 2 time po
day 28 or 30 from tumor xenograft). Right panels: Macroscop
HCT116 and SW480 stably transfected cells.
and in UTRs were associated with significantly altered gene
expression when assessed at the messenger RNA (mRNA)
level using transcriptome data from 30 MSI CRC samples
(Figure 7C). Because of nonsense-mediated mRNA decay,36

we mostly observed down-regulation of mutated tran-
scripts from coding regions, as expected. The overall impact
of outlier events in UTR tracts was mixed, with down-
regulation or up-regulation of a few target genes in MSI
CRCs. Based on these results, a list of outlier mutations
expected to play an important role in MSI tumor develop-
ment was proposed (Figure 7D). In line with a protumori-
genic effect, positively selected outlier events may
inactivate tumor-suppressor functions by down-regulating
mRNA expression or activate oncogene functions by up-
regulating mRNA expression. Acting in opposition, the
negatively selected outlier events could activate tumor-
suppressor functions by up-regulating mRNA expression
or inactivate oncogene functions by down-regulating mRNA
expression, thereby slowing down MSI tumorigenesis.
Functional Validation of the Deleterious Impact
of Negatively Selected Coding Mutations on
CRC Cells

In MSI tumors, mutations observed in repetitive coding
sequences are frameshifts (indels) and generally lead to
truncation of the corresponding aberrant protein. Although
these events are usually loss-of-function mutations,
nonsense-mediated mRNA decay acts to degrade mutant
mRNAs that may encode proteins with residual functional
activity because these transcripts contain a premature
termination codon. We therefore hypothesized that nega-
tively selected mutational events identified in the genomic
screen shown in Figure 6 could be deleterious for MSI tu-
mor cells. As stated earlier, only a few of these events were
in coding regions and led to truncation of the respective
proteins (eg, WNK1, PRRC2C, CHD2, SYCP1, GART, RXFP2,
RFC3, and HMGXB4) (Figure 9). Five of these target genes
(WNK1, HMGXB4, PRRC2C, RFC3, and GART) were selected
effects of 5 outlier mutations on CRC cell lines. (A) Flow
iangle) or TRAIL-treated (circle) HCT116 (MSI, left panel) and
ed with either a single specific siRNA gene (WNK1, HMGXB4,
r panels). Lower panels: Simultaneous down-regulation of 3
percentage of apoptotic cells in some cases. Data represent
ific siRNA, and 2 independent experiments for simultaneous
< .01 and ***P < .001 of the indicated silencing condition
ated gene in blue). All data from fluorescence-activated cell
effect of silencing of the 5 genes with outlier mutations on the
monitoring of (B) cell growth and (C) cell migration using the
cing of the WNK1, HMGXB4, and GART genes was shown to
silencing of PRRC2C and RFC3 did not (Figure 13). The cell
EM of 3 independent experiments performed in quadruplicate.
: *P < .05, **P < .01, and ***P < .001. (D) Expression of WNK1
th. Left panels: Comparative analysis of tumor growth (mean
480 cell lines transfected with WNK1 or PRRC2C shRNA,
hRNA. There were 7 mice in the WNK1 group and 10 in the
.05. Middle panels: WNK1 and/or PRRC2C mRNA reverse-
ints (at day 0 from transfected cells before injection and at
ic picture of xenograft before and after tumor excision from
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according to their documented role as reported in the
literature (Figure 9). To test the hypothesis that truncation
of these candidate proteins resulting from MSI was
responsible for their inactivation, we investigated the
functional consequences of their silencing using siRNA
and/or shRNA in CRC cell lines in vitro and in vivo using
xenograft models (Figures 10–13). Depending on the target
gene, their inactivation in CRC cells led to deleterious effects
on apoptosis, proliferation, and/or cell migration
(Figures 10A–C, and 11–13). Of note, the deleterious effects
were greatly enhanced when several of the targets were
silenced concomitantly in the same cellular models, indi-
cating additive effects for these events in CRC cells
(Figures 10–12). In additional experiments, the prolonged
silencing of some of these targets led to strong inhibition of
tumor growth in HCT116 (MSI) and/or SW480 (microsat-
ellite stable) xenografts (Figures 10D and 13).

Negatively Selected Events Are Associated With
Worse Survival of MSI CRC Patients

We next evaluated whether negatively selected coding
sequence mutations that were associated with deleterious
effects in CRC cells (eg, microsatellites located in coding
regions of WNK1, HMGXB4, PRRC2C, RFC3, or GART) also
may be clinically relevant. An additional cohort of 164 MSI
CRC patients originating from 3 clinical centers in France
was analyzed by Cox survival models adjusted for TNM
stage. In the overall cohort, mutated WNK1 (hazard ratio
[HR], 3.1; 95% CI, 1.2–8; P ¼ .02) and PRRC2C (HR, 2.9;
95% CI, 1–8.1; P ¼ .04) were associated with worse RFS
(Figure 14). The HMGXB4 mutation also showed a trend for
association with worse RFS (HR, 2.5; 95% CI, 0.78–7.8; P ¼
.12) (Figure 14).

To examine the overall relationship between the 5
negatively selected target gene mutations and patient sur-
vival, a mutational index value was computed to summarize
this MSI target gene category. Cox modeling based on this
representation was associated with significantly worse
survival, suggesting an overall negative impact of these
mutational events on patient outcome (HR, 3; 95% CI,
1.1–7.9; P ¼ .03) (Figure 14).

Discussion
MSI tumors represent a distinctive phenotype charac-

terized by a high background of nucleotidic instability. The
Figure 11. (See previous page). Validation of gene abrogation
impact of 5 outlier mutations genes in RKO, KM12, FET, an
outlier mutation–related genes after knock-down by single siR
transfection by real-time quantitative PCR. Data represent the m
panel) Gene expression (mRNA level) of outlier mutation–relat
HCT116 (upper panel) and SW480 (lower panel) cell lines. (C) G
knock-down by siRNA in 4 cell lines (MSI: RKO, KM12; and mic
transfection by real-time quantitative PCR. Data represent th
cytometry analysis of apoptosis (Annexin V) of untreated (triang
and microsatellite stable (FET and SW620, right panel) CRC ce
(WNK1, HMGXB4, and/or GART) or with scrambled siRNA. Data
t test: *P < .05, **P < .01 and ***P < .001 of indicated silencing
present work indicates that, expectedly, in such an MMR-
deficient context,8,9,13,37 genomic instability generates
positively selected somatic mutations in both R and NR DNA
sequences that are likely to contribute to the tumorigenic
process. In addition, it also suggests that MSI tumors must
deal with frequent somatic mutational events that are
deleterious for the MSI tumor cells and result in a tumor-
suppressor effect. Among these mutational events, some
should be lethal and therefore not detected in tumor DNA
whereas other negatively selected could be deleterious for
tumor cells without being lethal, depending on the muta-
tional landscape and other factors. These events represent a
weakness of the MSI-driven tumorigenic process. The pre-
sent results shed new light on MMR-deficient tumorigenesis
and suggest that genomic instability in MSI CRC plays a dual
role in achieving tumor cell transformation.

Frameshift gene mutations owing to MSI in coding re-
peats are likely to result in inactivation of the correspond-
ing truncated mutant protein, provided the mutant
transcript is not degraded by nonsense-mediated mRNA
decay.10 The clearly deleterious consequences of 5 nega-
tively selected coding mutations we report here in both MSI
and microsatellite stable tumor cells is of interest. Their
frequent somatic inactivation in MSI CRC can impede the
progress of cell transformation and lead to the regression of
clones in which they occur. A major example of this was
WNK1, which codes for a positive regulator of canonical
Wnt/-catenin signaling and whose inactivation in different
tumor types is deleterious,38,39 other mutations occurring
in HMGXB4, GART,40,41 RFC3,42,43 or PRRC2C, and the
silencing of this latter candidate decreased cell proliferation
in lung cancer.44 In line with our results, a recent study also
found that silencing of some of these targets (WNK1, RFC3,
and GART) was lethal in haploid human tumor cells.45

Although the MMR-deficient tumor cells in which these
mutations occurred were eliminated from the bulk of most
MSI colon tumors through negative selection, our results
also showed that, strikingly, the few tumors in which at
least one of these mutations was detected was associated
with worse patient prognosis. This suggests the anticancer
impact of such mutations should be counterbalanced by
other oncogenic processes that remain to be identified and
were responsible for the poor prognosis. This clinical
observation on patient outcome is intriguing and will
require further investigation in larger cohorts. It was diffi-
cult to address with the present cohort because of the low
by the siRNA approach and validation of the deleterious
d SW620 CRC cell lines. Gene expression (mRNA level) of
NA was assessed at (A) 24 or (B, left panel) 48 hours after
eans ± SEM of at least 3 independent experiments. (B, right
ed genes after simultaneous down-regulation of 3 genes in
ene expression (mRNA level) of outlier mutation genes after
rosatellite stable: FET, SW620) was assessed 48 hours after
e means ± SEM of 3 independent experiments. (D) Flow
le) or TRAIL-treated (circle) MSI (RKO and KM12, left panel)
ll lines transfected either with a single specific siRNA gene
represent the means ± SEM of 3 independent experiments.
condition compared with control.



Figure 12. Flow cytometry data. Flow cytometry analysis of early (Annexin V–positive and 7-amino-actinomycin D [7-AAD]-
negative cells) and late (Annexin V– and 7-AAD–positive cells) apoptosis of untreated or TRAIL-treated HCT116 (MSI, upper
panel) and SW480 (microsatellite stable, lower panel) CRC cell lines transfected either with a single specific siRNA gene
(WNK1, HMGXB4, GART, RFC3, and/or PRRC2C) or with scrambled siRNA. One experiment of the 3 performed is shown.
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Figure 13. Experimental data of cell growth and cell migration analysis. Real-time monitoring of (A) cell growth and (B) cell
migration using the xCELLigence system (HCT116 CRC MSI cell line). This system allows estimation of the cell index in real
time—the parameter based on impedance measurement and reflecting the number of cells attached to the surface of the
experimental chambers. Quadruplicates of 3 independent experiments are shown. (C) H&E stain, and WNK1 marker
expression by immunohistochemistry in tumor xenografts at day 30 is shown (see Figure 10D).
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Figure 14. Clinical relevance of MSI-driven coding region mutations in target genes in CRC patients. The association of 5
negatively selected MSI-driven mutational events with RFS was calculated in the cohort of 164 MSI CRC patients with survival
data available. The association of the Boolean mutational index (see the Materials and Methods section) was calculated from
the mutational status of the above 5 target genes (WNK1, PRRC2C, HMGXB4, GART, RFC3) in each tumor sample (status 0,
no mutation observed; status 1, at least 1 mutation observed) with RFS also is shown. Also reported is the association with
RFS of a series of 15 other frequent MSI mutations (6 positively selected and 9 background events) that we investigated
previously in the same MSI CRC samples and published.16 Forest plot of RFS HRs of independent univariate Cox analyses are
shown. Squares represent the HRs and horizontal bars represent the 95% CIs. Red indicates a P value of less than 5% (worse
prognosis) and blue indicates more than 5%.
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frequencies of negatively selected events and the small
number of relapses in MSI CRC patients.

Aside from the small number of deleterious mutations
found in coding sequences, negatively selected mutational
events were found mostly in long noncoding repeats
located in the 5’ or 3’ UTR. Although approximately 10% of
these somatic mutations were found to alter gene
expression at the RNA level, their possible functional
impact requires further investigation. We did not perform
a functional analysis to show a deleterious impact in MSI
CRC cells, as performed for negatively selected events in
coding regions. However, these outlier mutations were
located in genes with a role in several cancer-related
processes, as shown in the pathway enrichment analysis.
This indicates their negative selection in MSI CRC cells was
not a chance event. Interestingly, some of the negatively
selected mutations identified here were found to up-
regulate tumor-suppressor functions during MSI tumor
development, whereas others were observed to down-
regulate oncogene functions. This is in accordance with
their paradoxical activation or inactivation, respectively,
during the tumorigenic process. Together, these findings
highlight that MSI in noncoding UTRs could have an
important antitumor impact during MMR-deficient tumor
development.

Our analysis of the MSI colon tumor exome confirmed
the majority of known target gene mutations for MSI. These
and many other mutations in 8- to 10-bp repeats reported
previously in the literature are thought to be key events in
MSI-driven tumorigenesis (for review see Hamelin et al37).
Although these mutations may have functional significance
in particular contexts, we showed that the frequency of
most of these microsatellite mutations was not different
from the background frequency expected for their length,
suggesting their overall impact on tumor development may
be limited, if any. In contrast, we identified several muta-
tions in smaller coding and noncoding DNA repeats of 5–7
bp in length that showed a high positive selection in MSI
CRC. We postulate these new candidate genes for MSI tumor
progression that contain relatively short repeats represent
important oncogenic driver events in MMR-deficient CRC
and may be much more relevant for tumorigenesis than
many of the MSI-related mutations reported in the past.

Although almost all sporadic MSI CRC arise because of
MLH1 deficiency after epigenetic silencing, Lynch-related
MSI CRC is associated with germline mutations in MLH1
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(45% of cases), MSH2 (45%), MSH6 (w10%), or PMS2
(w1%). Although MLH1- and MSH2-deficient MSI tumors
show similar levels of nucleotide instability, including
overall MSI as confirmed here, significantly lower mutation
frequencies of R and NR sequences are observed in MSH6-
and PMS2-deficient MSI tumors. The present cohort was
designed to investigate the most common MMR-deficient
genotypes in CRC (ie, MLH1- and MSH2-deficient tumors).
Only 1 MSH6-deficient CRC was included, as mentioned.
Future studies could aim to analyze genomic instability in
the rare MSI CRC showing MSH6 or PMS2 deficiency that
could show a lower mutation burden at both R and NR
sequences.

There is no contradiction between the findings of this
study and the literature in the field. Recent data obtained
from analysis of thousands of tumors from different pri-
mary sites show that, unlike species evolution, positive se-
lection outweighs the negative selection of somatic
mutational events during tumor progression. However,
these investigations were concerned with alterations at NR
sequences and did not take into account mutations in R
sequences. In contrast, R sequences (microsatellites) have
very high physiopathologic relevance in the tumor model
investigated in the present study, namely MSI tumors. We
did not observe negative selection of NR sequences in MSI
CRC, in line with the prevailing dogma. However, our results
show the existence of both positive and negative selection
of R sequences during tumor progression, as well as high-
lighting the dual role for MSI in this important tumor model.

The limitations of our work relate mainly to the analysis
of a limited series of MSI CRC usingWES, even if it represents
a large series of such tumors investigated by this approach.
Further studies are required to confirm our results using
larger cohorts ofMSI CRC, thus allowing the identification of a
more robust signature of target genes for MSI that undergo
positive or negative selection. Important pro- and anti-cancer
genes forMSI tumorigenesis are likely to be included in these
genomic signatures. The pathophysiological relevance and
opposing functional effects of such MSI-driven events should
allow major advances in the understanding of MSI tumori-
genesis and in the development of personalized treatments
for patients with MMR-deficient tumors.
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