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Inactivation of mismatch repair (MMR) is the cause of the common
cancer predisposition disorder Lynch syndrome (LS), also known as
hereditary nonpolyposis colorectal cancer (HNPCC), as well as 10—
40% of sporadic colorectal, endometrial, ovarian, gastric, and uro-
thelial cancers. Elevated mutation rates (mutator phenotype),
including simple repeat instability [microsatellite instability (MSI)]
are a signature of MMR defects. MicroRNAs (miRs) have been
implicated in the control of critical cellular pathways involved in
development and cancer. Here we show that overexpression of
miR-155 significantly down-regulates the core MMR proteins,
hMSH2, hMSH6, and hMLH1, inducing a mutator phenotype and
MSL. An inverse correlation between the expression of miR-155
and the expression of MLH1 or MSH2 proteins was found in
human colorectal cancer. Finally, a number of MSI tumors with
unknown cause of MMR inactivation displayed miR-155 overex-
pression. These data provide support for miR-155 modulation of
MMR as a mechanism of cancer pathogenesis.
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M ismatched nucleotides may arise from polymerase mis-
incorporation errors, recombination between heteroallelic
parental chromosomes, or chemical and physical damage to the
DNA (1). MutS homologs (MSH) and MutL homologs (MLH/
PMS) are highly conserved proteins that are essential for the
mismatch repair (MMR) excision reaction (2). In human cells,
hMSH2 and hMLH1 are the fundamental components of MMR.
The hMSH?2 protein forms a heterodimer with hMSH3 or hMSH6
and is required for mismatch/lesion recognition, whereas the
hMLH]1 protein forms a heterodimer with hMLH3 or hPMS2 and
forms a ternary complex with MSH heterodimers to complete the
excision repair reaction (2, 3). Human cells contain at least 10-fold
more of the hMSH2-hMSH6/hMLH1-hPMS2 complex, which
repairs single nucleotide and small insertion-deletion loop (IDL)
mismatches, compared with the h\MSH2-hMSH3/hMILH1-hMLH3
complex, which primarily repairs large IDL mismatches (4-6). In
addition to MMR, the hMSH2-hMSH6/hMLH1-hPMS2 compo-
nents have been uniquely shown to recognize lesions in DNA and to
signal cell cycle arrest and apoptosis (7, 8).

Mutations in the hMSH2, hMSH6, hMLH1, and A7PMS?2 core
MMR genes have been linked to Lynch syndrome (LS), also
known as hereditary nonpolyposis colorectal cancer (HNPCC)
(9). These observations have provided considerable support for
the mutator hypothesis, because defects in the MSH and MLH/
PMS genes significantly increase cellular mutation rates, which
then may drive the evolution of numerous oncogene and tumor-
suppressor gene mutations found in cancers (10). The most
obvious signature of a mutator phenotype is instability of simple
repeat sequences or microsatellite DNA [ie, microsatellite
instability (MSI)] (11, 12). Virtually all LS/HNPCC tumors dis-
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play MSI resulting from mutation or inherited epigenetic inac-
tivation of the core MMR genes (13-15). Most of the 10-40% of
sporadic CRC, endometrial, ovarian, gastric, and urothelial
tumors that display MSI are a result of acquired hMLHI pro-
moter methylation (16). Approximately 95% of MSI tumors can
be accounted for, at least partially, by mutation and/or epigenetic
inactivation of the core MMR components (14). The remaining
5%, as well as a significant proportion of the biallelic MMR
inactivation mechanism, remain poorly understood.

MicroRNAs (miRs) are noncoding RNAs that play a role in
the posttranscriptional regulation of >30% of the human genes
controlling critical biological processes, including development,
cell differentiation, apoptosis, and proliferation (17, 18). Over-
expression of miR-155 has been observed in CRC (19-21), and
appears to be more frequent in MSI than MSS CRCs (22). These
data are consistent with the hypothesis that miR-155 might
regulate components of the MMR machinery and, consequently,
rates of mutation and MSL

Results

hMLH1, hMSH2, and hMSH6 Are Targets of miR-155. We used in silico
prediction models to identify potential binding sites for miR-155
in the mRNA of the core MMR genes (23, 24). Two putative
sites were found in AMLH]I using RNAhybrid (BiBiServ; NCBI
NM_000249.2), one in the 3’-UTR and the other in the coding
sequence (CDS) (NCBI NM_000249.2). One site was found in
the 3'-UTR of AMSH?2 using TargetScan (Whitehead Institute,
MIT; NCBI NM_000251.1), and one site was found in the CDS
of hMSH6 using RNAhybrid (BiBiServ; NCBI NM_000179.2)
(Fig. 14 and Fig. S1). As a functional screen, we subcloned the
coding and 3’-regions including the predicted miR-155 seed
regions of MLH1, MSH2, or MSH6 downstream of the luciferase
gene and recorded luciferase protein activity (25). We used
MMR-proficient Colo-320 DM CRC cells for these studies,
because they contain a low basal level of miR-155 (26). The
Colo-320 DM cells were transfected with the luciferase reporter
constructs and with a miR-155 precursor (premiR-155) or con-
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Fig. 1.

hMLH1, hMSH2, and hMSH6 are direct targets of miR-155. (A) Locations of the target sites of miR-155 in the 3’ UTRs and/or the CDS of the indicated

genes (see also Fig. S1). The base position is counted from the first nucleotide in the CDS. (B) Colo-320 DM cells were transfected with the phRL-SV40 construct
as a control and either the luciferase construct WT or MUT-155 and with premiR-155 or premiR control. After 24 h, dual luciferase assays were performed. *P <

0.005 relative to premiR control.

trol precursor (premiR control). We observed luciferase activity
reductions of 37%, 38%, and 24% in the presence of premiR-155
with constructs containing the miR-155 seed regions of MLHI,
MSH?2, and MSH6, respectively (P < 0.001) (Fig. 1B; see WT for
each). No changes in luciferase activity were seen when the
constructs contained a deletion of the miR-155 seed region (Fig.
1B; see MUT-155 for each construct). Interestingly, the effect of
the individual miR-155-binding sites in the AMLHI gene
appeared to be additive (Fig. 1B; compare AMLHI MUT-155 3'-
UTR and MUT-155 CDS with WT).

Ribosomes have been recently shown to displace the miR-
RISC complex from a CDS target site (27). As a result of this

process, miRs cannot modulate a target protein. Both MLH1 and
MSH6 contain CDS seed regions (Fig. 1 and Fig. S1). To
examine the possibility of miR-RISC displacement, we cotrans-
fected cell lines lacking MLH1 (HCT116) or MSH6 (DLD1)
with a mammalian expression vector containing the corre-
sponding full-length ¢cDNA with or without the miR-155 pre-
cursor and examined protein expression (Fig. S2). We deleted
the CDS miR-155 target site in the hAMLHI and hMSH6 cDNA
sequences to examine whether expression might be affected by
miR-RISC ribosome displacement. In-frame deletion of the CDS
miR-155 seed sequence resulted in a truncated hMLH1 and
hMSH6 protein (Fig. S2); the size reduction of the 160-kDa
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Fig. 2. Overexpression of miR-155 decreases the expression of MLH1, MSH2, and MSH6 in CRC cells. Colo-320 DM cells were transfected with premiR-155,
premiR control, or siRNA against selected genes for 48 h. (A) Transfection efficiency was confirmed by real-time PCR. miR-155 expression was normalized to
the expression of RNU44. Error bars represent SEM. *P < 0.001 (n = 3). (B) miR-155 exerts a posttranscriptional effect on MMR core proteins. mRNA expression
of indicated genes was normalized to that of vinculin. Error bars represent SEM.*P < 0.05 compared with control premiR (n = 3). (C) Representative blot of
Western blot analysis along with the mean and SEM of three independent experiments. *P < 0.005 compared with control premiR.
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hMSHG6 can be detected only in longer gel runs. Cotransfection
of the MMR cDNAs with the miR-155 expression vector resulted
in down-regulation of hMLH1 and hMSHG6 proteins (Fig. S2; see
hMLH1 WT and hMSH6 WT). Deletion of the CDS miR-155
seed sequence from the cDNA resulted in partial recovery of
hMLH1 expression (Fig. S2; see hMLH1 MUT CDS) and
complete recovery of hMSH6 expression (Fig. S2; see hMSHG6
MUT). Mutation of both the hkMLHI CDS and 3’-UTR seed
sequences resulted in a complete recovery of hMLH1 protein
expression (Fig. S2; see hMLH1 double mutant). These results
are qualitatively similar to the luciferase-based system containing
the miR-155 seed sequence from hMLHI and hMSH6 (Fig. 1B),
and suggest that miR-RISC ribosome displacement is unlikely to
be an issue in miR-155 modulation of MMR proteins.

We examined the effect of miR-155 on endogenous MMR
gene and protein expression in colo-320 DM cells (Fig. 2). A
consistent increase in premiR-155 compared with a scrambled
premiR control was determined by quantitative PCR (qPCR) for
the transfected colo-320 DM cells (Fig. 24). We found that the
mRNA expression of AMLHI, hMSH2, and hMSH6 was unaf-
fected by premiR-155 overexpression (Fig. 2B). In contrast, the
hMLH1, hMSH2, and hMSH6 proteins were reduced by 53% =+
14% (P = 0.02), 37% + 10% (P = 0.01), and 32% + 7.4% (P =
0.004), respectively, in cells transfected with premiR-155 (Fig.
2C). To ensure that we could detect changes in mRNA expres-
sion, we performed siRNA knockdown studies in the colo-320
DM cells (Fig. 2 B and C). We found siRNA MMR gene-specific
reduction of mRNA expression, as expected (Fig. 2B). The
reduction in mRNA translated to a reduction in corresponding
MMR proteins (Fig. 2C). Moreover, we found that the stability
of the hMSH6 protein was linked to the expression of hMSH?2
protein, as has been reported previously (28). These results
suggest that miR-155 exerts its greatest affect on MMR proteins
by posttranslational inhibition, a common characteristic of miR
regulation (18, 29).

To confirm the modulation of MMR proteins by miR-155, we
examined MV4-11 cells that overexpressed miR-155 (Fig. S3). In
these studies, MV4-11 cells were transfected with a sequence-
specific locked nucleic acid (LNA) modified oligonucleotide that

targets miR-155 knockdown (anti-miR-155; Exiqon), as well as a
control LNA anti-miR (30). A 6.7-fold reduction in miR-155 was
observed by qPCR (Fig. S14) and confirmed by Northern blot
analysis (Fig. S1B) when the LNA anti-miR-155 oligonucleotide
was transfected compared with the nonspecific LNA anti-miR
control. We also observed an increase in hMLH1, hMSH2, and
hMSHG6 proteins in MV4-11 cells transfected with LNA anti-miR-
155 compared with the LNA anti-miR control transfections by
Western blot analysis (Fig. S3). Together with the colo-320 DM
miR-155 overexpression data, these results suggest that cellular
miR-155 level has a direct effect on core MMR protein expression.

Overexpression of miR-155 Induces a Mutator Phenotype. To assess
the biological role of miR-155 in MMR regulation, we used a
lentiviral vector system to generate stable clones of the Colo-320
DM CRC cells that overexpressed miR-155 (Fig. 3). We found
that MLH1, MSH2, and MSHG6 protein expression was reduced by
72%, 42%, and 69%, respectively, in Colo-155 DM cells over-
expressing miR-155 (Colo-155) compared with cells expressing an
empty vector (Colo-empty; Fig. 3B). We also observed a reduc-
tion in MSH6 mRNA (Fig. 3C). Because a direct effect on tran-
scription is unlikely, these findings suggest that miR-155 may
target other regulatory factors that affect transcription from the
MSH6 promoter.

Length changes in simple repeat sequences (ie, MSI) are a
diagnostic indicator of MMR defects (11, 31). We examined MSI
in the Colo-320 DM cells overexpressing miR-155 (Fig. 3D). All
three of the markers examined displayed microsatellite insta-
bility. (Fig. 3D) (11, 31). These results suggest that miR-155
overexpression induces replication errors consistent with
reduced or absent core MMR functions.

miR-155 Expression Inversely Correlates With hMLH1 and hMSH2 in
CRC Tissues. We examined the expression of miR-155, MLH1, and
MSH?2 in a tissue microarray containing 70 unselected cases of
CRC and 5 benign intestinal lesions. A co-labeling method was
used in which the LNA anti-miR-155 or nonspecific LNA anti-
miR control was combined with immunohistochemical (IHC)
antibodies to hMLH1 or hMSH2 (32). The miR-155 and MMR
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Fig. 3. Stable clones with overexpression of miR-155, indicating the functional effect of miR-155 overexpression on CRC cell lines. MMR proficient Colo-320
DM cells were stably infected with a lentiviral vector overexpressing miR-155 (Colo-155) or an empty vector (Colo-empty). (A) miR-155 expression assessed by
Northern blot analysis, with MV-411 cells used as positive controls. (B) Representative Western blot analysis results, along with mean + SEM of three inde-
pendent experiments. *P < 0.05 relative to controls. (C) mRNA expression of selected genes assessed by real-time PCR (normalized to vinculin). Error bars
represent SEM. *P < 0.05 (n = 3). (D) Microsatellite analysis of Colo-155 and Colo-empty cells using the BAT-26 and BAT 25 (mononucleotide repeats) and
D175250 (dinucleotide repeat) markers. Size markers are given at the top of the panel.
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protein expression was scored positive when detected in >15%
and >5% of cells, respectively (Fig. S4 4 and B). More than 50%
of the CRCs exhibited elevated expression of miR-155 (Fig.
S4C). Reduced hMSH2 and hMLH1 expression was observed in
28% and 22% of the CRCs, respectively (Fig. S4C). Coex-
pression of miR-155 with MSH2 or MLH1 showed an inverse
correlation, with r values of —0.74 for MSH2 (P < 0.001) and
—0.6 for MLH1 (P < 0.001). miR-155 was not coexpressed with
hMSH?2 in 67% of the CRC tissues and was not coexpressed with
hMLHI in 50% of the CRC tissues. When the analysis was
conducted with miR-155 positive CRC tissues only, a significant
inverse correlation was still evident for both hMLH1 (P =
0.0003) and hMSH2 (P = 0.001). In the subgroup of tissues with
miR-155 expression >50%, there was still an inverse correlation
with an r value of —0.7 for MSH2 (P < 0.0002) and —0.55 for
MLHI1 (P < 0.005). Interestingly, in the CRC tissues that were
positive for miR-155 and either hMSH2 or hMLHI, coex-
pression in the same cancer nest was never observed (Fig. 44).

We examined miR-155 and MMR protein expression in a
cohort of 83 fresh frozen tumors for which cancer and normal
adjacent tissues were available (Fig. 4B). We examined tumor
and associated normal tissue by qPCR analysis and found that
the miR-155 expression was increased by >2-fold in 18 of
the specimens (22%). The expression of hMLH1 and MSH2
protein was measured by Western blot analysis in tumor tissue
and associated normal tissue in these 18 specimens. A clear
decrease in hMLHI1 expression was observed in 12 of these
specimens (67%), whereas a clear decrease in hMSH2 expression
was observed in 11 (61%) (Fig. 4B). A threshold of uncertain
effects on MMR expression appeared to occur when the miR-155
expression level dropped below a 3-fold increase compared with
the associated normal tissue (Fig. 4B; red line). In general, miR-
155 expression above this threshold appeared to down-regulate
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the expression of both hMLH1 and hMSH2. Together with the
findings of the tissue array studies, these results strongly suggest
that miR-155 overexpression in human tumors results in down-
regulation of the core MMR proteins hMLH1 and hMSH2.

miR-155 Expression as a Cause of MMR Dysregulation in MSI Tumors.
MSI is acquired after the inactivation of both alleles of one of
the core MMR genes (9). In LS/HNPCC carriers, the majority
of mutations are found in the AMSH2 and hMLH]I genes (33).
The “second hit” that leads to an MSI tumor in patients with
LS/HNPCC is largely the result of loss of heterozygosity or
somatic mutation of the unaffected allele (34). LS/HNPCC
accounts for 2%-5% of all CRC and for one third of MSI tu-
mors (14, 35-38). Approximately 10%-15% of sporadic CRC
tumors display MSI that is largely (90%) a result of biallelic
inactivation of the AMLHI promoter (14, 36, 39). In an unse-
lected series of 1,066 CRC patients, 135 (12.7%) were found to
display MSI (14). Of these, 23 (5.9%) were determined to have
germline mutation in one of the core MMR genes, and 106
(78.5%) were found to contain methylation of the AMLH]I pro-
moter. Approximately 5% of these MSI tumors displayed loss
of expression of at least one of the core MMR proteins with no
clear genetic or epigenetic cause (14).

We retrospectively examined a series of 40 CRC that displayed
MSI and IHC loss of expression of at least hMLH1 and hPMS2.
Thirty-four of these tumors were found to have mutations in the
hMLH]I gene sequence or methylation of the AMLH1 promoter.
We examined six specimens that retained sufficient sample for
miR-155 expression analysis by qPCR following laser capture
microdissection (LCM) of tumor and adjacent normal tissue
(Table S1). Because one specimen contained very little tissue, we
examined miR-155 and hMLH1 expression by in situ and THC
analysis (Fig. 5). All six of the remaining MSI tumors displayed
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Fig. 4. miR-155 expression is inversely related to MLH1 and MSH2 in CRC tissues. (A) Paraffin-embedded, formalin-fixed CRC tissues were incubated with
LNA-probe anti-miR-155 or scrambled probe and IHC antibodies against MSH2 and MLH1. Representative photographs were captured with the Nuance
system software (Ventana Medical System Inc.), with staining positive for both miR-155 and MSH2 or MLH1 shown. Blue and red staining identifies miR-155
and the target protein, respectively. No colocalization of miR-155 and MLH1 or MSH2 in the same cell nest is seen. (B) RNA and proteins extracted from fresh
frozen human colorectal tissue. miR-155 expression was assessed by real-time PCR, and MMR protein expression was assessed by Western blot analysis. CRC
with up-regulation (>2-fold) of miR-155 expression and down-regulation of MMR protein expression are shown. A strong correlation between the loss of
hMLH1 and hMSH2 expression and miR-155 expression was increased by >3-fold in tumor compared with adjacent normal tissue (red line). Samples with an
miR-155 cancer/normal ratio <3-fold displayed an uncertain effect on MMR expression.
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Case CR-78

Fig. 5. miR-155 expression in hMLH1-negative tumors. miR-155 expression was assessed by in situ hybridization on paraffin-embedded tissues. (A) CR-78
cancer tissue (with unknown causes of MLH1 loss) showing strong miR-155 expression (large arrow), with stroma (small arrow) negative for miR-155
expression. (B) CR-79 tissue (MLH1 loss due to promoter methylation) showing faint expression of miR-155 only in inflammatory cells (large arrow), with no

signal detected in cancer tissue (small arrow).

at least a 2-fold increase in miR-155 expression compared with
adjacent normal tissue (Table S1). Overexpression of miR-155 in
these specimens did not correlate with tumor grade or stage. Three
of the samples demonstrated an miR-155 increase over the 3-fold
threshold that generally results in reduced expression of hMLH1
and/or hMSH2. In addition, CR78 exhibited elevated miR-155
expression in >50% of the tumor tissue and a corresponding loss of
hMLHI expression (Fig. 54 and B). These results are consistent
with the conclusion that MSI tumors with unknown MMR defects
may result from miR-155 overexpression.

Discussion

The mutator phenotype that results from MMR dysfunction
induces the acquisition of additional gene mutations that pro-
mote cancer progression (40). In addition to germline mutations,
various pathogenic events, including promoter methylation (16)
and reduced histone acetylation (41), result in reduced or absent
expression of core MMR proteins, as do microenvironmental
factors, such as inflammation and hypoxia (42, 43,). Our results
suggest that miR-155 plays a role in this multifactorial regulation
by causing down-modulation of the core MMR heterodimeric
proteins MSH2-MSH6 and MLH1-PMS2. The simultaneous
inhibition of these essential MMR components by miR-155
results in a mutator phenotype.

The significant effects of miR-155 on the MMR system are
likely due to two phenomena. First, the stability of MMR protein
is linked to its ability to form heterodimers; thus, the loss of
hMSH2 and hMLHI1 proteins results in destabilization of their
respective heterodimeric complex proteins (28). Second, miR-
155 appears to target the down-regulation of core MMR pro-
teins. Together, these regulatory and stability alterations result in
a significant increase in mutation rates. We cannot eliminate the
possibility that miR-155 affects other related DNA repair pro-
teins, enhancing the phenotypic effect of MMR defects through
unrelated genomic processes.

Incomplete repression of MMR proteins by miR-155 is not
unique to tumor-suppressor genes in cancer. A partial (50%)
reduction in the expression of one allele of the APC (adenom-
atous polyposis coli) gene has been correlated with the devel-
opment of CRC (44), and the reduced expression of a single
allele of the TGFBRI (TGF-f receptor I) gene also has been
linked to CRC (45). Recently, miRs have been proposed to act as
transactivating elements involved in allele and gene expression
regulation (46, 47). Our results strongly support a role for miRs
in the non-Mendelian regulation of MMR genes.

The complexity of miR regulation is enhanced by the tissue
specificity and possible polymorphisms in the target sequences;
for example, acquired mutations in the 3’ UTR of AMLH]I have
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been linked to disease relapse in patients with acute myeloid
leukemia (48). We cannot exclude the possibility that miR-155
overexpression combined with acquired mutations in the 3’ UTR
of MMR target genes contribute to the development of MSI in
these selected patients. Moreover, well-defined mutations and/or
epigenetic inactivation of MMR genes appear to be less frequent
in specific subsets of MSI tumors, such as CRCs associated with
inflammatory bowel disease (49, 50) and non-Hodgkin lym-
phoma associated with HIV infection (51). Our findings dem-
onstrating down-regulation of core MMR genes suggest miR-155
overexpression as a potential alternative pathogenetic mecha-
nism for these cancers. Although we found an inverse correlation
between miR-155 and MMR protein expression in CRC, not all
tumors with increased miR-155 expression are characterized by
MSI. In human cells, several factors might account for the dif-
fering regulation of the core MMR proteins by miR-155,
including a threshold expression effect or savage loops involved
in the fine-tuning of miR and gene expression.

Patients with MMR-deficient tumors generally have a good
prognosis but a lower survival advantage after 5-fluorouracil
adjuvant chemotherapy compared with patients with MMR-
proficient tumors (52). The contributing role of miR-155 in the
down-regulation of the core MMR proteins suggests that miR-
155 might be an important stratification factor in the prognosis
and treatment of cancer patients. Although further confirmation
of our findings is needed, our results suggest that miR-155 ex-
pression may be an additional analytical test for exploring the
etiology of MSI tumors when the standard tests do not provide a
conclusive diagnosis.

Materials and Methods

Colo-320 DM, HCT-116, and DLD1 cells were transfected using Lipofectamine
2000 (Invitrogen). Luciferase constructs were subcloned using primers in
Table S2. Lentiviral vectors for miR-155 overexpression and empty vectors
were generated by System Biosciences, according to the manufacturer’s
instructions. MSI was evaluated by genotyping analysis using diagnostic
primers (7, 8). Genomic DNA from patients with MSI was sequenced as
described previously (53). Statistical analysis results are expressed as mean +
SEM unless indicated otherwise. Comparisons between groups were per-
formed using the two-tailed Student t test. Significance was accepted at a P
value <0.05. Graphpad Prism version 5.0 was used for Pearson correlations.
More detailed information is provided in SI Materials and Methods.
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