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Estrogen pathway mutations and cancer
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Cancer is caused by an accumulation of mutations in a stem cell. A defective mismatch repair (MMR) system
can lead to such an accumulation of mutations. MMR defects are found in a cancer syndrome called Lynch
Syndrome, and tumors of this syndrome are indeed characterized by such an accumulation of mutations,
particularly in short repetitive DNA sequences, called microsatellites. When such mutated microsatellites are
located in the coding sequences of genes with essential roles for tumorigenesis, we speak of ‘target genes’. Many
such target genes have been found and in this review we focus the possible involvement of target genes involved
in the estrogen-receptor pathway (ER). We recently identified NRIP1, encoding the nuclear receptor-interacting
protein 1, as the most frequently mutated gene in microsatellite instable (MSI) endometrial cancer (EC). NRIP1
is a known corepressor of the ER pathway, the pathway essential in regulating the concentrations of estrogens, a
hormone for which the endometrium is highly responsive. This in combination with the fact that high exposure
to estrogens is currently considered the major risk factor for EC - approximately 80% of all sporadic EC tumors
are estrogen dependent carcinomas - make NRIP1 the perfect target gene for EC. Interestingly, mutations in
NRIP1 were also detected in MSI colorectal carcinoma (CRC) samples. Finding mutations in an estrogen
receptor signaling protein in colorectal tissue might not be that expected, as colon is not typically associated with
being responsive to estrogens. However, evidence is accumulating to better understand this finding. For instance,
it was shown that NRIP1, in colon tissue, stimulates APC gene transcription and inhibits p-catenin activation.
Moreover, some studies suggested that estrogens can increase the expression of MLH1 in colon cancer cells,
highlighting the implications of estrogen protecting against colon cancer, by regulating the MMR system. All in
all we conclude that genes involved in the estrogen pathway are the perfect candidates to be studied in
MMR-deficient tumors, especially those developing in hormonal responsive tissues.
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accumulation of mutations in such microsatellites is known as
microsatellite instability or MSI. MSI, caused by defects in

Mismatch repair (MMR) and endometrial carcinomas

Genetic inactivation of mismatch repair (MMR) genes, by
mutations or epigenetic alterations, eventually leads to the
accumulation of mutations that otherwise would be corrected.
These mutations are easily visualized by analyzing short
repetitive  DNA sequences, called microsatellites. An

the MMR system, is the hallmark of Lynch syndrome, a
hereditary disease, characterized by the development of
hereditary carcinomas, such as colorectal-, endometrial-, and
gastric carcinomas. Moreover MSI is also observed in a
percentage (15-25%) of sporadic tumors (-5
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Most microsatellites are found outside genes. However,
they can also occur within coding and non-coding parts of
genes. When mutations occur in such coding intragenic
microsatellites they often are out of frame mutations which
can lead to nonfunctional, foreign proteins. As mutations
occur at random they mostly occur in genes not involved in
the cancer developmental process - these genes are called
‘bystander genes’. However, they also can hit genes with
essential roles for tumorigenesis. These are called ‘target
genes’. Over 160 of genes have been identified and studied
in MMR-deficient tumors of several tissue origins 61, Most
searches for target gene mutations were done in MSI
colorectal carcinomas (CRC). Mutation screens in other
tumor types were mostly performed by studying target genes
previously detected in colorectal tumors. Therefore, specific
tumorigenesis pathways associated to a specific type of tissue
might have been missed using this strategy. That was the
reason why we performed an unbiased screen for target gene
mutations in endometrial carcinomas I,

Target genes in endometrial carcinomas

To perform this unbiased study we first determined which
genes normally are expressed in endometrial tissue.
Therefore, we performed expression profiling experiments on
freshly-frozen normal endometrial tissue samples. We
selected 2,338 genes showing expression values 10 times
higher than the background signals. These genes were
subsequently screened for the presence of a microsatellite, in
particular mononucleotide tracts of (A)7, (T)7, (C)7, (G)7,
(A)8, and (T)8 in their coding sequences. Repeat lengths
were chosen according to the paper of Sammalkorpi et al.
(2007) 091 A total of 482 genes with such repeats were
identified and selected for mutation screening of their coding
DNA microsatellites in a set of 42 MSI-High endometrial
tumor samples. Doing so we identified 44 possible target
genes of which seven are highly mutated (>15%). Some
candidates were also found mutated in colorectal and gastric
tumors [,

NRIPL1 the perfect target gene for endometrial cancer

The most promising gene coming out of this screen, based
on mutation frequency and function, is NRIP1. NRIP1
encodes for the nuclear receptor-interacting protein 1.
NRIP1 was mutated in 34% of the tumor samples analyzed
and is as such the most frequently mutated gene in MSI
endometrial cancer. Functionally, we also can very well link
NRIP1 to the development of endometrial cancer: NRIP1 is a
known corepressor of the estrogen-receptor (ER) pathway,

the pathway essential in regulating the concentrations of
estrogens, a hormone for which the endometrium is highly
responsive. This in combination with the fact that high
exposure to estrogens is currently considered the major risk
factor for EC - approximately 80% of all sporadic EC tumors
are estrogen-dependent carcinomas - strongly point out
NRIP1 as the perfect target gene for EC.

Considering tumorigenesis of other hormone-dependent
tissue types, NRIP1 is also for these the perfect target gene as
it is generally accepted that genetic alterations in ER and in
ER responsive genes likely are key players in the
development of hormone-dependent tumors [, More
specifically, Ghoussaini 4 suggested the importance of
NRIP1 for estrogen-responsive tumors, and in fact more
studies of NRIP1 in breast and ovarian tissues, for instance,
came out in the last years [1213],

NRIP1 silencing in endometrial cancer

We studied the effect of losing this gene in the context of
a MSI endometrial cancer: we silenced the NRIP1 gene in the
HEC-1B cell line, a human MSI endometrial epithelial
cancer cell line, and performed an expression microarray.
Subsequently, network analysis of the respective expression
results was performed. We observed that silencing of NRIP1
is accompanied by differences in the expression of the genes
of the ER network. Also the RAR pathway was one of the
networks showing a deregulation of many of its members
due to NRIP1 knock-down. On forehand we expected that the
inactivation of NRIP1 would interfere with the process of
co-repression of the ER complex and lead to differences in
the expression of estrogen-dependent genes; indeed that’s
what the Ingenuity Pathway analysis (IPA) showed us [,

From literature it is known that there is an important
correlation between NRIP1 and the RAR pathways, and that
the RAR pathway is implicated in many types of cancer,
including endometrial cancer and other hormone-dependent
cancers 14171 Our results from the expression microarrays,
Ingenuity Pathway Analysis (IPA), Gene Set Enrichment
Analysis (GSEA), and RT-PCR analyses add to this line of
reasoning, that NRIP1 likely is an essential gene in
tumorigenesis of MSI endometrial tumors when inactivated
in some way. Moreover it suggests NRIP1 to be a key player
in the cross-talk between ER and RAR in this set of tumors,
as we observe expression alterations in genes, such as
NCORZ2, simultaneously belonging to ER and RAR pathways
(Supplementary Figure 1).

NRIP1 and colorectal carcinomas
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Figure 1. Estrogen-receptor and retinoic acid pathways, showing the role and interplay of the
nuclear repressors, such as NRIP1 and NCOR2, on transcription. The influence of estrogens on
MMR is also represented. ER: estrogen receptor; MMR: mismatch repair; MUT: mutation; RAR:
retinoic acid receptor; RXR: retinoid X receptor; ERE: estrogen response elements; RARE: retinoic

acid response elements.

The target genes profile of EC and gastrointestinal tumors
with MMR deficiency differs, both in a qualitative and in a
quantitative way 18201, However, there are target genes
commonly involved in MSI-High tumors of diverse origin.
As for NRIP1, in the same study we detected a mutation
frequency of 22% for MSI colorectal carcinoma (CRC)
samples and 13% for MSI gastric carcinoma samples. The
mutation frequency in gastric carcinomas might suggest a
low impact of the NRIP1 mutation on tumor development;
however for CRC the mutation frequency is considerably
high. Mutations in this gene in CRC have been reported
previously, although in a different coding repeat and with
different frequency I"l. Our finding, that NRIP1 is also an
important player in CRC development was corroborated by a
recent study. Using loss and gain of function mouse models,
Lapierre et al. Y], were able to show that NRIP1 inhibits the
proliferation and apoptosis of intestinal epithelial cells. The
authors demonstrated that both in mice tissues and in human
cancer cell lines, NRIP1 stimulates APC gene transcription
and inhibits [-catenin activation, this way playing an
important role in CRC development.

Finding a gene involved in estrogen receptor signaling in
colorectal tissue is not that expected, as colon is not typically
associated with being responsive to certain hormones.
However, there is a growing perception that estrogens have a
protective role against the initiation and progression of CRC

(22231 This could partly explain the gender bias in CRC
incidence as women have a lower CRC incidence when
compared to man. Moreover, two studies suggested that
estrogens can increase the expression of hMLH1 in colon
cancer cells Colo205, which highlight the implications of
estrogen protecting against colon cancer, by regulating the
MMR system [24-261,

Estrogens and MMR-deficient tumors

We addressed a possible link between estrogens and
MMR associated tumor development already several years
ago [, At that time, we proposed a model in which
estrogens could have a protective effect, however this effect
is likely lost if the MMR system has somehow been
modulated/deregulated. On the other hand we proposed that
high estrogen receptor activity might result in DNA damage
events, including methylation aberrations or gene mutations.
If any of these events target MMR genes, we will observe
MSI and possibly an accumulation of mutations in genes.
Genes coding for co-factors or ER signaling could eventually
be affected in this cascade of events, which subsequently
would modulate ER regulated transcription. These
hypotheses were based upon work of Slattery and coworkers
(2001) 81 who proposed a model for the way in which
estrogens (endogenous, exogenous, and obesity-associated)
modify the risk of MSI tumors. These authors also suggested
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that at least one of the major MMR genes is
estrogen-responsive and that loss of estrogens results in loss
of DNA mismatch repair capacity. Also Wada-Hiraike et al.
(2005) 291 defended the hypothesis that common
co-activators of ER, and even ER itself, might have a
functional role in DNA MMR, and more specifically, they
suggested MSH?2 as a potent co-activator of ERa.

Nowadays we know that the regulation of
estrogen-responsive genes is tissue dependent and that
co-activator and co-repressor molecules exist in different
combinations and or concentrations, all depending on the
tissues type and that all this leads to different results.
Anyhow, if we consider that the MMR system is a (direct or
indirect) target of estrogens [242528-301 it is reasonable to
hypothesize, also in light of the new findings of the NRIP1
studies described here, that genes involved in the estrogen
pathway are the perfect candidates to be studied in
MMR-deficient tumors, especially those developing in
hormonal responsive tissues. In the particular case of NRIP1,
there is growing evidence of the importance of this protein in
several cellular mechanisms, from development to
inflammation and metabolism 31, so we suggest that further
studying it and its direct interacting proteins might bring us
new insights on their impact in cancer and other human health
related problems.
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