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Colorectal cancers with microsatellite instability are characterized by an important density of tumor-infiltrating
lymphocytes and a good prognosis. Microsatellite instability results from the inactivation of the DNA mismatch
repair system and induces secondary somatic frameshift mutations within target genes harboring repeat
sequences in their coding frame. By disrupting the open reading frame, frameshift mutations can result in the
appearance of potentially immunogenic neopeptides. To determine the frameshift mutations inducing a T-cell
response during the development of a tumor with microsatellite instability, we studied in 61 colorectal cancer
patients with microsatellite instability, using a fluorescent multiplex PCR comparative analysis, the relative
frequency of frameshift mutations within 19 target genes and analyzed the correlation of these frameshift
mutations with the density of CD3þ tumor-infiltrating lymphocytes. The four most frequently mutated genes
were ACVR2 (92%), TAF1B (84%), ASTE1/HT001 (80%) and TGFBR2 (77%). The vast majority (95%) of the tumors
exhibited at least three frameshift mutations, and the number of frameshift mutations was associated with
tumor progression (TNM stage, wall invasion and tumor diameter). Tumor-infiltrating lymphocyte density was
associated with the overall number of frameshift mutations and with the presence of frameshift mutations
within two target genes, namely ASTE1/HT001 and PTEN. These results strongly argue for the clinical relevance
of immunotherapy of colorectal cancers with microsatellite instability.
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Microsatellite instability or replication error pheno-
type, which is observed in B12% of colorectal
cancers, results from the inactivation of the DNA
mismatch repair system and represents a form of
genetic instability affecting nucleotide repeats.1 In
colorectal cancers with microsatellite instability,
inactivation of the DNA mismatch repair system
results either from a somatic biallelic hypermethyla-

tion of the MLH1 gene,2,3 an epigenetic alteration
associated with aging,4 or from a germline alteration
of one gene allele of the DNA mismatch repair
system followed by the somatic inactivation of the
other.1,5 Heterozygous germline mutations of genes
of the DNA mismatch repair system are the cause
of the Lynch syndrome or hereditary nonpolyposis
colorectal cancer, the most common form of
inherited colorectal cancers.6 Microsatellite instabi-
lity induces secondary somatic frameshift mutations
within target genes harboring repeat sequences in
their coding frame, and some of these target genes
control cell cycle, apoptosis or DNA repair such as
TGFBR2, BAX or MSH3.6–9 It is remarkable that
microsatellite instability not only inactivates target
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genes but also, by disrupting the open reading
frame, can result in the appearance of neopeptides,
some of them being potentially immunogenic. This
has been shown, in particular, for TGFBR2, which
harbors a 10-base pair (bp) polyadenine tract.10

Therefore, colorectal cancers with microsatellite
instability represent a rare example of human
cancers specifically associated with neoantigens.

Interestingly, tumors presenting a microsatellite
instability phenotype are histopathologically
characterized by an important density of tumor-
infiltrating lymphocytes associated with a Crohn-
like reaction with lymphoid nodules11–15 and have
a better prognosis than colorectal cancers without
microsatellite instability phenotype.16,17 In colo-
rectal cancers, a high level of infiltrating memory
T cells has been inversely correlated with early
metastatic invasion and has been found to be an
independent prognosis factor of overall survival.18,19

Therefore, the better prognosis of microsatellite-
unstable colorectal cancers could be, at least in part,
explained by the presence of tumor-infiltrating
lymphocytes specific of certain tumor peptides
resulting from microsatellite instability.

Recently, it was shown that tumor-infiltrating
lymphocytes extracted from tumors of patients with
colorectal cancers and microsatellite instability
were indeed able to specifically recognize HLA-
restricted frameshift peptides associated with mi-
crosatellite instability and to specifically kill in vitro
colorectal cancer cell lines with microsatellite
instability.20 A recent finding was the correlation
between pronounced lymphocytic infiltration and
overexpression of cytotoxic T-cell markers in tumors
with microsatellite instability, suggesting that
neoantigens in microsatellite-unstable colorectal
cancers may elicit a more potent T-cell response
than the one found in microsatellite-stable colo-
rectal cancers.21 Indeed, although numerous studies
have previously reported the mutation rate of
specific targets in colorectal cancers with micro-
satellite instability, in contrast, only in a few reports
a systematic simultaneous molecular profiling of the
different microsatellite instability targets that have
been identified over the last 10 years was performed.22–24

Finally, it is crucial to analyze the correlation
between the presence of frameshift mutations and
the lymphocyte infiltrate within the tumor. To
address these points, we performed a quantitative
and qualitative survey of 19 target coding regions
and a quantitative study of tumor-infiltrating lym-
phocytes in 61 microsatellite-unstable colorectal
cancer patients.

Materials and methods

Tumor Samples

Colorectal tissues were collected from 61 colorectal
cancer patients with microsatellite instability
(26 males and 33 females, two patients having

developed two synchronous tumors, mean age:
65.4±1.2 years), who underwent surgery at the
Rouen University Hospital between January 2003
and October 2007. The majority of the tumors was
TNM stage II or III (80%), in the right colon (65%)
and well differentiated (54%). Eight patients had
tumoral recurrence after curative surgery after a
median follow-up of 15 months. Of all patients,
18 (30%) presented Lynch syndrome, as defined by
the presence of the deleterious germline mutation of
a gene (13 patients) of the DNA mismatch repair
system or the fulfillment of Amsterdam criteria.6

Genomic DNA was extracted either from paraffin-
embedded tissues, using the DNA extraction kits
from Takara (Madison, WI, USA) or from Ambion
(Huntingdon, Cambridgeshire, UK), according to the
manufacturer’s instructions, or from frozen samples
by proteinase K digestion and phenol/chloroform
extraction followed by ethanol precipitation, or by
using the QIAamp DNA Mini Kit (Qiagen, Courta-
boeuf, France). For each patient, genomic DNA was
extracted from paired tumor and normal colorectal
tissues.

Assessment of Microsatellite Instability

Assessment of microsatellite instability was carried
out by a comparative analysis of DNA from tumor
and normal colorectal tissues, for each patient using
the five consensus mononucleotide repeats (BAT25,
BAT26, NR21, NR22 and NR24), as recom-
mended.25,26 Microsatellite instability was defined
by the presence of instability affecting at least two
markers. According to the French regulation, a
written consent had systematically been obtained
for germline mutation analyses of the DNA mis-
match repair system, which have been performed for
medical purposes.

Selection of Target Genes

We reviewed the literature to select genes containing
in their coding regions homopolymeric tracts, which
have been reported to be altered in colorectal
cancers with microsatellite instability. We focused
our study on genes that are likely to be involved in
malignant transformation and/or of which frame-
shift mutations have been shown to generate
neoantigens. With these criteria, we selected 19
genes (Table 1), involved in signal transduction,
apoptosis, DNA repair, transcription regulation
or protein modification. In genes such as APC,
containing several nucleotide repeats subjected to
frameshift mutations in tumors with microsatellite
instability,38 we analyzed the sequence correspond-
ing to the alteration that has been reported to be the
most frequent one. For the PTEN, SEC63 and
PRDM2 genes, we analyzed two distinct repeats,
which had been shown to be both frequently altered.
The 22 homopolymeric tracts that we analyzed in
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this study had a minimal size of six repeats and
mostly corresponded to polyadenines (Table 1).

Fluorescent Multiplex PCR Detection of Frameshift
Mutations

Twenty-one short genomic sequences (o210 bp)
encompassing the 22 mononucleotide repeats were
simultaneously PCR-amplified within two multi-
plex PCRs, using dye-labeled primers (primer
sequence and PCR conditions are available upon
request). Fluorescent PCR products were separated
on an ABI Prism 3100 DNA sequencer (Applied
Biosystems, Foster City, CA, USA), and the resulting
fluorescent profiles were analyzed using the Gene-
Scan 3.7 software (Applied Biosystems). For each
patient, the pattern generated from tumor DNA was
superimposed to the one generated from paired
distant nonmalignant colorectal tissue DNA. In this
comparative analysis, frameshift mutations (dele-

tion or insertion of one or more base(s)) are easily
detected by a shift of the length of the PCR product
generated from tumor tissue, in comparison with the
one derived from normal tissue, as validated by
sequence analysis (Figure 1). It is essential to
determine which frameshift mutations are present
in the majority of the tumor cells for biological
relevance for immunotherapy. In order to estimate
the fraction of malignant cells in the tumor samples,
we took advantage of the molecular profile obtained
in microsatellite instability analysis: among the five
markers, we selected the most unstable one and we
divided the height of the aberrant peaks (corre-
sponding to the mutant alleles present only in
malignant cells) by the height of the normal peaks
(corresponding to the wild-type allele present only
in nonmalignant cells) plus the height of the
aberrant peaks. We carried out the same calculation
for each target gene exhibiting an aberrant profile on
fluorescent multiplex PCR (height of aberrant peaks
divided by the height of normal peaks plus aberrant

Table 1 Frequency of somatic frameshift mutations within target genes in colorectal cancers with microsatellite instability

Genea Repeat Function of the protein Frequency of frameshift mutations

Percentage
of tumors

with mutationsb

Percentage of positive
samples with mutations
in all malignant cells

ACVR222 (A)8 Growth factor receptor, signal transduction 92 (55/60) 35 (19/55)
TAF1B27 (A)11 TATA box-binding protein-associated, transcription factor 84 (51/61) 0 (0/51)
ASTE127 (A)11 Unknown function 80 (48/60) 33 (16/48)
TGFBR27 (A)10 Inhibitor of cellular growth, signal transduction 77 (46/60) 48 (22/46)
CASP528 (A)10 Pro-apoptotic factor 67 (40/60) 7 (3/40)
SEC6322 (A)9 and (A)10 ER membrane protein, regulating protein modification 63 (38/60) 8 (3/38)
MSH329 (A)8 DNA mismatch repair 52 (32/61) 12 (4/32)
AIM222 (A)10 Interferon inducible protein, signal transduction 52 (27/52) 22 (6/27)
PTEN30 (A)6 exon 8 Cell cycle protein, Wnt pathway 42 (24/57) 0 (0/24)

exon 7 10 (6/61) 0 (0/6)
PRDM231 (A)8 Cell cycle and apoptotic protein 32 (15/48) 2 (1/48)

(A)9 11 (6/55) 0 (0/6)
MBD432 (A)10 DNA glycosylase and methyl CpG binding protein, 42 (21/51) 9 (2/21)
OGT33 (T)10 O-linked GlcNAc transferase, protein modification 40 (22/55) 9 (2/22)
TCF434 (A)9 Transcription factor (Wnt pathway) 38 (19/50) 5 (1/19)
HNF1A35 (C)8 Transcription factor 1 (hepatic) 33 (17/52) 0 (0/17)
IGF2R36 (G)8 Growth factor receptor, signal transduction 28 (17/60) 0 (0/17)
RAD5037 (A)9 Response to cellular DNA damage, DNA repair 25 (14/56) 0 (0/14)
BAX8 (G)8 Pro-apoptotic factor 22 (13/59) 15 (2/13)
MSH629 (C)8 DNA mismatch repair 19 (11/59) 0 (0/1)
APC38 (A)7 Wnt pathway 17 (9/54) 11 (1/9)

a
References reporting the presence of somatic frameshift mutations within these genes are indicated.

b
The frequency of somatic mutations was determined only from tumors yielding reproducible results.

Figure 1 Fluorescent multiplex PCR detection of frameshift mutations in colorectal cancers with microsatellite instability. The
fluorescent multiplex PCR profile generated from tumor (red) was superimposed on the one obtained from paired normal tissue (blue).
Each peak corresponds to a repeat sequence within the coding region of one target gene. For PTEN, two polyA tracts located within exons
7 and 8, and for PRMD2 two polyA tracts within the same exon (PRDM2 (1) and (2)) were analyzed as separate peaks. The Y axis displays
fluorescence intensity and the X axis indicates the amplicon size in bp. Somatic frameshift mutations can be easily detected by a shift of
the amplicon size, as indicated by the arrows. (a) Microsatellite-stable tumor without detectable frameshift mutation. (b) Microsatellite-
unstable tumor with frameshift mutations within six target genes (TAF1B, ASTE1/HT001, AIM2, ACVR2, SEC63 and TGFBR2). (c) MSI
tumor with frameshift mutations within 12 target genes (TAF1B, MSH3, ASTE1/HT001, AIM2, ACVR2, IGFR2, TGFBR2, OGT, MSH6,
MBD4, RAD50 and TCF4).
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peaks). If percentages of malignant cells in the
samples were similar to the percentages of cells with
frameshift mutation in the samples, we concluded
that the frameshift mutations were likely to be
present in all tumor cells. For each tumor sample,
analyses were carried out at least in duplicates, and
confirmed, if necessary, by individual fluorescent
PCR analysis of the repeats.

Quantification of Infiltrating Lymphocytes

CD3 immunostaining of T cells was performed on
4-mm-thick tissue sections at three sites for each
sample (tumor center, invasion front and distant
non-malignant site), using the monoclonal antibody
F7.2.38 (Dako, Carpinteria, CA, USA) at a dilution of
1:30 and the Ventana BenchMark XT IHC/ISH
Staining Module (Ventana Medical Systems,
Tucson, AZ, USA), according to the manufacturer’s
recommended protocol. For each site, six represen-
tative digital pictures were taken and scanned to
delineate the acellular areas and the stromal and
epithelial compartments. Then, the quantification of
infiltrating lymphocytes in stromal and epithelial
compartments within the non-malignant, tumor
center and invasion front sites was determined,
after substraction of the acellular areas, using
the mean percentage of surface labeled by CD3
immunostaining (MetaMorph software, Molecular
Devices, Downingtown, PA, USA). Analysis of the
samples from 10 patients led us to estimate that 1%
of tumor-infiltrating lymphocyte staining corre-
sponded to 350 tumor-infiltrating lymphocytes per
mm2. Vascular emboli and perinervous invasion
were determined by pathologist’s examination.

Statistical Analysis

Statistical analysis for paired comparisons was
based on the Wilcoxon test. Associations between
different frameshift mutations were analyzed using
logistic regression. Only associations with
Po0.0025 were selected to avoid positive flashes.
Other statistical analyses were carried out with a
two-sided significance value of 0.05. All analyses
were performed using the Statview software
(Statview for Windows, SAS Institute, version 5.0,
Cary, NC, USA).

Results

See Supplementary table for all detailed results.

Frequency of the Frameshift Mutations

We determined the frequency of frameshift muta-
tions affecting coding repeats within 19 target genes
in 61 microsatellite-unstable colorectal cancer pa-
tients, by carrying out a comparative fluorescent

multiplex PCR analysis of these repeats between
tumor and normal colorectal tissues. Figure 1 shows
the multiplex PCR fluorescent profiles of micro-
satellite-stable colorectal cancers that we used as a
negative control and of two representative colorectal
cancers with microsatellite instability. The fre-
quency of the different frameshift mutations that
we found in this multiplex analysis of 61 colorectal
cancer patients with microsatellite instability is
shown in Table 1 and Figure 2. Measurement of
the shift of the amplicon size, between tumor and
paired normal colorectal tissue, showed that the
great majority (superior to 95%) of the frameshift
mutations corresponded to one nucleotide deletion
within the repeat sequences. The four most fre-
quently mutated genes were ACVR2 (92%), TAF1B
(84%), ASTE1/HT001 (80%) and TGFBR2 (77%). In
the Lynch subgroup, the frequencies of these frame-
shift mutations were 89, 78, 61 and 72%, respec-
tively. The vast majority (58/61, 95%) of the tumors
exhibited at least three frameshift mutations, only
one tumor exhibited no detectable frameshift muta-
tion and two tumors had only two frameshift
mutations. The mean number of frameshift muta-
tions that we found within the 61 colorectal cancer
patients with microsatellite instability was 9±4 (6
in the Lynch patients versus 10 in the non-Lynch
patients, Po0.001) and the median number was 8
(Figure 3). We had the opportunity to analyze two
patients with two synchronous tumors, and in both
cases, the pattern of somatic mutations was different
between both tumors. Moreover, the pattern of
alterations varied between the tumors from different
family members with Lynch syndrome. Interest-
ingly, we found several significant associations
between certain frameshift mutations affecting
genes often involved in different biological path-
ways, such as TAF1B and ASTE1/HT001 (Po0.001,
k¼ 0.67), CASP5 and AIM2 (P¼ 0.002, k¼ 0.46) or
RAD50 and PRDM2 (P¼ 0.002, k¼ 0.50).

Figure 2 Frequency of somatic frameshift mutations within target
genes in colorectal cancers with microsatellite instability.
Frequencies of frameshift mutations ranged from 17 to 92%.
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Determination of the Frameshift Mutations Present in
the Majority of the Malignant Cells

By carrying out a comparative analysis between the
fluorescent profiles generated for each patient from
tumor and normal colorectal tissues used to assess
microsatellite instability, we determined the mean
percentage of normal cells present within the tumor
samples to be 49.5±20.5%. This allowed us to
determine that frameshift mutations of only ACVR2,
ASTE1/HT001 and TGFBR2 were present in all
malignant cells within at least one-third of the
tumors. In contrast, we did not find any tumor with
microsatellite instability harboring frameshift muta-
tions of TAF1B, PTEN, HNF1A, IGFR2, RAD50 or
MSH6 in all malignant cells (Table 1).

Correlation of Frameshift Mutations with Clinical
Characteristics

We found that the number of detected frameshift
mutations was associated with age, TNM stage, wall
invasion, tumor diameter and the presence
of vascular emboli and perinervous invasion
(Table 2). Certain frameshift mutations, in genes
such as MBD4, HNF1A, BAX and APC, were found
only in microsatellite-unstable colorectal cancers of
higher stages (TNM stage II or more). Disease
recurrence was only associated with the absence of
TAF1B frameshift mutation (P¼ 0.036).

Correlation of the Density of Tumor-Infiltrating
Lymphocytes with the Presence of Frameshift
Mutations

The mean density of tumor-infiltrating lymphocytes
(calculated from the values obtained for each
tumor in the tumor centre and invasion front) in
52 analyzed colorectal cancer patients with

Figure 3 Distribution of frameshift mutation numbers. The mean
number of frameshift mutations was 9±4 and the median number
was 8.

Table 2 Factors associated with the number of frameshift
mutations

n¼ 61 Mean number of
frameshift mutations

P-value

Age (years) o0.001
o60 6.4
Z60 10.2

TNM stage 0.049
I 5.1
II 9.7
III 9.1
IV 9.5

Wall invasion 0.004
T1 or 2 5.1
T3 or 4 9.5

Node invasion NS
N0 8.9
N+ 9.1

Mean tumor diameter (cm) 0.001
o6 6.7
Z6 10.5

Tumoral differentiation NS
Well 8.6
Moderate 9.5
Poor 11.4

Vascular emboli 0.047
No 8.1
Yes 10.3

Perinervous invasion 0.02
No 8.1
Yes 11.0

Tumoral recurrence NS
No 8.0
Yes 8.8

n, the number of patients; NS, not significant.

Figure 4 Distribution of tumor-infiltrating lymphocyte density.
The mean tumor-infiltrating lymphocyte density in 52 analyzed
microsatellite-unstable colorectal cancer samples was
2.76±1.87% (range: 0.51–8.7%).
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microsatellite instability was 2.76±1.87% (Figure 4).
There was an important variability among colorectal
cancers with microsatellite instability, as illustrated
in Figures 4 and 5 (range: 0.51–8.7%). This mean
density of tumor-infiltrating lymphocytes in tumors
was significantly higher than that in the paired
distant nonmalignant colorectal sites (1.83±1.10%,
P¼ 0.01). In tumors, the highest values were
observed at the invasion front in the stromal
compartment (3.23±2.11%). As indicated in
Table 3, we found that the density of tumor-
infiltrating lymphocytes in tumors was correlated
with the overall number of frameshift mutations
(P¼ 0.01), and associated with the presence of
frameshift mutations within two targets, namely
ASTE1/HT001 and PTEN (exon 7). The density of
tumor-infiltrating lymphocytes was more important
if these mutations were present in all tumor cells,
without reaching statistical significance. For

CASP5, only when the frameshift mutations were
present in all the malignant cells, the percentage of
tumor-infiltrating lymphocytes was clearly higher
(5.5±1.6% versus 2.2±1.2%, P¼ 0.02), although
this result was obtained only in 3/60 patients.

Discussion

The simultaneous analysis of 19 known microsatel-
lite instability target genes in 61 colorectal cancer
patients with microsatellite instability, using a
fluorescent multiplex PCR comparative analysis,
showed that the most frequently mutated genes in
colorectal cancers with microsatellite instability are
ACVR2, TAF1B, ASTE1/HT001 and TGFBR2. The
frequency of the frameshift mutations that we found
for the 19 targets (Table 1) is in agreement with
previous studies, except for APC and BAX.8,38 The
discrepancy that we observed for the latter genes is
probably explained by the fact that our analysis was
restricted to one repeat per gene, whereas previous
reports had carried out a complete analysis of the
corresponding targets. Although some of the muta-
tions that we detected might only reflect the
intrinsic genetic instability of tumors with micro-
satellite instability and may therefore be considered
as passenger mutations, this study provides the
following arguments confirming that some of these
frameshift mutations, such as those affecting
ACVR2, ASTE1/HT001 and TGFBR2, could play a
key role in malignant transformation resulting from
microsatellite instability: (i) their frequency, (ii)
their presence in all malignant cells, suggesting that
these alterations occur early and provide a selective
advantage for tumor growth and (iii) the significant
association of these mutations with other frameshift
mutations (such as ASTE1/HT001 and TAF1B),
which argues that they are not at random. It is
interesting that in addition to the 61 colorectal
cancer patients of the study, we found a case of

Figure 5 Variability of the tumor-infiltrating lymphocyte density in tumors with microsatellite instability. Tumor-infiltrating
lymphocytes were immunostained using an anti-CD3 antibody revealed by peroxidase reaction. (a) Tumor with a low density of
tumor-infiltrating lymphocytes. (b) Tumor with a high density of tumor-infiltrating lymphocytes.

Table 3 Correlation between tumor-infiltrating lymphocyte
density and the number and type of frameshift mutations

Tumor infiltrating
lymphocytes
(%±s.d.)

P-value

Median number of frameshift
mutations

0.01

o8 2.0±1.0
Z8 3.1±1.9

ASTE1 frameshift mutations 0.01
No 1.6±0.6
Yes 3.1±2.0

PTEN (exon 7) frameshift
mutations

0.007

No 2.5±1.7
Yes 5.0±2.1

s.d.: standard deviation.
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severe colorectal dysplasia with microsatellite in-
stability, which displayed frameshift mutations
within ACVR2, TGFBR2 and ASTE1/HT001, con-
firming that these mutations, at least in some cases,
occur early during microsatellite instability-induced
colorectal carcinogenesis. The most frequently
mutated genes were similar in Lynch syndrome or
in sporadic colorectal cancers with microsatellite
instability, suggesting that the routes to cancer are
not different in both groups.

Although our study was restricted to the analysis
of 19 target genes and does not provide a global view
of the mutation rate in microsatellite unstable
tumors, the mean number of frameshift mutations
that we found clearly shows that a microsatellite-
unstable tumor exhibits numerous frameshift muta-
tions, predicted to inactivate key genes controlling
apoptosis, cell cycle and DNA repair. As previously
reported for Lynch patients, we observed that the
number of somatic mutations was correlated with
tumor stage,39 not only in Lynch patients but also
in all microsatellite-unstable colorectal cancers. If
somatic frameshift mutations of certain target genes
had previously been shown to be correlated with
tumor progression and prognosis of sporadic micro-
satellite unstable tumors, in contrast, the correlation
between the overall number of frameshift mutations
and tumor progression had not been previously
established.22,40–42 In our series, only nine patients
experienced disease recurrence; then it was difficult
to detect a correlation between frameshift mutations
and disease recurrence. The fact that we most often
found several frameshift mutations in microsatellite-
unstable tumors suggests that accumulation of
several mutations may be required for malignant
transformation of a microsatellite-unstable cell, as
suspected by Tsao et al.43 In the context of Lynch
syndrome, this probably explains the incomplete
penetrance of the MMR gene mutations, which has
been estimated to B70%.44

Although it has been suspected that the high
density of tumor-infiltrating lymphocytes observed
in tumors with microsatellite instability, used as a
pathological signature of these tumors, was related
to the occurrence of frameshift mutations resulting
into neoantigens, no study had previously analyzed,
to our knowledge, the correlation between the
density of tumor-infiltrating lymphocytes and the
presence of characterized frameshift mutations. Our
study confirms that the density of tumor-infiltrating
lymphocytes is high in tumors with microsatellite
instability, especially at the tumor invasion front in
the stromal compartment, in agreement with the
notion that malignant cells with microsatellite
instability are probably immunogenic through the
expression and the presentation of neoantigens to T
cells. Recently, it has been shown that CpG island
methylator phenotype is also associated with tumor-
infiltrating lymphocyte density.45 This may be due
to a link between CpG island methylator phenotype
and microsatellite instability. Moreover, the density

of tumor-infiltrating lymphocytes was significantly
associated with the number of frameshift mutations
and the presence of frameshift mutations in ASTE1/
HT001 and PTEN. The development of immuno-
therapeutic strategies in microsatellite-unstable
colorectal cancers requires determining frameshift
mutations for which putative nonsense-mediated
mRNA decay should be kept in mind. It could
hamper the production of mutated proteins and
influence their role in tumorigenesis and in anti-
tumor immunity.46 Interestingly, frameshift muta-
tions in ASTE1/HT001, generating a premature stop
codon in the last exon, are not predicted to lead
to any nonsense-mediated mRNA decay. The
mutated ASTE1/HT001 proteins could therefore be
expressed at a high level and be particularly
immunogenic. It is also noteworthy that the
ASTE1/HT001 frameshift mutation has been shown
to result in the appearance of neoantigens, which
could be recognized by specific T cells, and that
tumor-infiltrating lymphocytes isolated from Lynch
tumors specifically recognized corresponding fra-
meshift peptides and killed colorectal cancer cells
with microsatellite instability in vitro.20 Neverthe-
less, the ultimate proof of the specific immune
response against the particular putative neoantigens
that we characterized remains to be established.

In conclusion, the most significant result emer-
ging from this study is that, in tumors with
microsatellite instability, the overall number of
frameshift mutations is associated with tumor
progression and tumor-infiltrating lymphocyte den-
sity, which argues for the clinical relevance of T-cell
immunotherapy strategies in this type of tumors. In
this regard, this study provides evidence that
ASTE1/HT001 and PTEN could be especially pro-
mising targets for immunotherapy in colorectal
cancers with microsatellite instability.
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