SCIENTIFIC REPLIRTS

A new method for discovering
EMAST sequences in animal models
of cancer

Received: 15 May 2018 . Nitya Bhaskaran, Jennifer Luu, ScottT. Kelley, Mohammad W. Khan, Priyadarshini Mamindla

Accepted: 31 August 2018 . &Kathleen L. McGuire

Published online: 13 September 2018
Elevated Microsatellite Alterations at Selected Tetranucleotide repeats (EMAST) occur in up to 60%
of colorectal cancers and may associate with aggressive and advanced disease in patients. Although
EMAST occurs in many cancer types, current understanding is limited due to the lack of an animal
model. Reported here is the design and implementation of an algorithm for detecting EMAST repeats
in mice. This algorithm incorporates properties of known human EMAST sequences to identify repeat
sequences in animal genomes and was able to identify EMAST-like sequences in the mouse. Seven
of the identified repeats were analyzed further in a colon cancer mouse model and six of the seven
displayed EMAST instability characteristic of that seen in human colorectal cancers. In conclusion, the
algorithm developed successfully identified EMAST repeats in an animal genome and, for the first time,
EMAST has been shown to occur in a mouse model of colon cancer.

A specific form of microsatellite instability (MSI), termed EMAST, has been studied in cancer for the last several
. years (for review seel=). It is most frequently observed in colorectal cancer (CRC) but has been found in other
cancer types as well, including breast, pancreatic, bladder, and non-small cell lung cancer. EMAST is character-
ized by the insertion or deletion of di-, tri-, and tetranucleotide repeats in repetitive coding and non-coding DNA.
: EMAST has been observed in up to 60% of sporadic CRC cases®”. Some studies have suggested that EMAST*
© tumors are associated with advanced staging at diagnosis, increased size, and/or higher rates of cancer recur-
. rence®>%710. MST has been identified as an independent marker of patient prognosis in CRC and EMAST has also
: been found to associate with poor patient outcome in some studies'*. EMAST* tumors overlap with MSI-High
. tumors, which result from DNA mismatch repair (MMR) defects due to the importance of this repair mechanism
in maintaining microsatellite sequence length during DNA replication. Deficiencies in the activity of the MLH1
. or MSH2 MMR proteins are the most common cause of MSI-High tumors, although deficiencies in PMS2 and
: MSHE6 activity have also been observed. EMAST, on the other hand, can also be found in MSI-low and microsat-
. ellite stable tumors that do not demonstrate MMR defects due to these proteins. Therefore, there is incomplete
overlap between EMAST and MSI and the MMR proteins responsible for the two instabilities differ.
: EMAST has been associated with inflammation®*® and EMAST™ tumors have also been shown to have a
. higher CD8* T cell infiltrate than EMAST~ tumors®. The presence of EMAST is associated with MSH3 dys-
. function®!!, as MSH3 is involved in the repair of insertion/deletion loops of 2-16 nucleotides (for review see?).
. Nuclear heterogeneity of MSH3¢ and/or loss of MSH3 expression?, as well as re-localization of MSH3 to the
© cytoplasm from the nucleus in response to oxidative stress'? and/or inflammatory cytokines'?, have all been cor-
related with the presence of EMAST. In addition, heterogeneity in tumor cell expression of MSH3 positively
© correlates with the number of tetranucleotide satellite markers mutated in the tumor®. There is also some evidence
. that EMAST might be relevant to the racial disparity observed in the incidence and severity of CRC. African
© Americans with rectal cancer are more likely to have EMAST lesions when compared to their Caucasian coun-
. terparts®. Although CRC is a potentially preventable and curable disease, its occurrence and mortality prove that
it remains a major health issue'.
: One of the principle limitations of studying EMAST is the difficulty in obtaining adequate numbers of human
© patient samples, particularly from under-represented groups, and the lack of any currently available animal model
of cancer that is known to display EMAST. The presence of EMAST in an animal cancer model would signifi-
cantly enhance current ability to analyze the underlying molecular mechanisms and inflammatory responses
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Figure 1. Developing an algorithm to identify potential EMAST CTTT repeats in animal genomes. Novel motifs
in flanking regions provided an additional parameter, beyond repeat number and type, to identify unstable
tetranucleotide repeat sequences in the mouse genome. (A) The number of CTTT repeat sequences found in
human and mouse genomes, with and without the identified motifs. (B) Sequence logo from Meme showing the 11
nucleotide motifs found in 5 and 3’ flanking regions of known human CTTT EMAST loci (E-values < 0.001). (C)
Flow diagram of the programming logic used once motifs were added, from data input to output. The algorithm
follows a basic search of the input animal genome for repeat sequences that match the user’s input in type and
length. The queries that match are then analyzed for both flanking motifs. If both motifs are found, the algorithm
calculates the percentage similarity between the found animal sequence to known human sequences before listing
the sequence and values as output. It is important to note that the algorithm as written only reads one strand of
DNA; it can be easily modified to find CTTT repeats on the other strand as well.

n

associated with the EMAST biomarker. In this study, we describe the design and assessment of a method for
identifying EMAST in animal models of cancer, and show for the very first time that EMAST can be studied in
an animal model of CRC.

Results

To identify characteristics of human EMAST sequences that could be used to identify potential EMAST repeats
in other species, a thorough review of the literature regarding EMAST was done. This revealed that the most
common cancer type studied is CRC and the criteria for calling a tumor EMAST ™ varies from one to two unstable
repeat sequences in a panel of at least five repeat sequences analyzed?*-11-1315-26 The most commonly used tetra-
nucleotide repeat was AAAG and the repeat length varied from 7 to 29. When ENSEMBL was used to evaluate
the sequences used in human studies, it revealed that most of the sequences had evidence of previous instability
(Fig. S1). This instability presented itself primarily in the form of single nucleotide polymorphisms (SNPs), but
insertions/deletions of repeats (indels) and copy number variations (CNV) were also observed in some sequences.
The sequence of the repeats, while often reported as AAAG, AGAT, etc., in the literature, is reported in ENSEMBL
on the opposite strand. Thus, these repeats are referred to as CTTT, ATCA, etc., throughout this study.

To determine the key characteristics of these EMAST sequences, 15 of the most commonly used repeats shown
to be unstable in tumors were analyzed (Fig. S1). Out of 15 sequences, 7 were CTTT (i.e. AAAG) repeats. 10 out of
15 showed previous evidence of instability in the form of SNPs and all of them were >10 repeats in length. 4 out
of 15 sequences were ATCT (i.e. AGAT) repeats, the second most common type observed. Most of these EMAST
repeat sequences were found in non-coding regions, and it was previously shown that those found in coding
regions most often do not display EMAST?. A comparison of both genomes verified that CTTT tetranucleotide
repeat sequences also exist in non-coding regions of the mouse genome (Fig. 1A). The abundance of sequences
with repeat length between 10 and 25 for each chromosome in both genomes was analyzed to understand the
lower and upper limit of CTTT tetranucleotide repeat lengths for both species and to determine whether they are
similar (Fig. S2). This revealed that the mouse genome contains more CTTT repeats between 10 and 25 in length
than the human genome but tetranucleotide repeats of longer length (i.e. >18 repeats) were less abundant than
shorter repeats in both species.
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Flanking regions of repeat sequences that can become unstable have been shown to be unique compared to
other similar, but stable, repeat sequences?’~*. The specific property in the 25 flanking nucleotides that leads to
instability is unknown, but it is thought that these sequences influence the function of the DNA MMR protein,
MSH3%. Because of these observations, the flanking regions of the commonly used EMAST sequences were
analyzed in order to discover a novel parameter that could be incorporated into the algorithm using Meme®.
Analysis of the 5/ and 3’ CTTT flanking sequences revealed that they were repetitive, C/T rich, and contained
novel motifs (Fig. 1B). The 5’ motif chosen was an 11 nucleotide sequence found in 6 out of 7 flanking sequences
and had the lowest Meme-calculated E-value of 9.6 x 1078 of all motifs generated. The similarly chosen 3’ motif
was also 11 nucleotides in length and found in 6 out of 7 sequences, with an E-value of 4.3 x 10~°. It is important
to note that no significant motifs were identified using the human ATCT EMAST repeats, perhaps because there
are only four known and this number is not great enough to identify common elements in the flanking regions.

In order to find potential EMAST sequences in the mouse genome, a search algorithm was designed in Python
(see Methods) that incorporated the characteristics of EMAST loci, including repeat length (i.e. >10), type (i.e.
CTTT), and the 5’ and 3’ sequence motifs (Fig. 1C). The algorithm was run with and without the inclusion of
the motif information. Inclusion of motif information significantly reduced the number of potential EMAST
sequences found by the program, by 78% and 91% in the human and mouse genomes, respectively, from the total
repeat sequences identified when the algorithm did not include the motifs (Fig. 1A).

To determine the accuracy of the algorithm, the Python script was run with the unmasked human genome
(where repetitive DNA nucleotides are not changed to N for purposes of comparison) to confirm whether the
known human EMAST loci could be found. 728 human sequences, of which 100 have a position weight matrix
score within the top tenth percentile, were found®', including all seven known AAAG repeat human loci (S3).
When the program was run with the unmasked mouse genome, the highest match on similarity to known human
sequences was ~99%. Sequences from each chromosome that were >85% similar and at least 13 repeats long were
selected for further analysis. Previous studies had revealed that the longer the length of the repeat, the more likely
it was to be unstable?**2. Of the 23 longest mouse sequences analyzed, 19 showed previous evidence of instability
in ENSEMBL, in the form of indels, SNPs and CNVs (S4). In order to investigate these sequences in vivo, a panel
of seven CTTT repeats that had previous evidence of instability in the form of either CNV or specific CTTT tetra-
nucleotide indels (S5) were chosen for further study. Two control, randomly chosen, ATCT, repeats (Ch18R14.1
and Ch18R14.2) not identified by the algorithm were also analyzed.

The mouse model of CRC used for further analysis of these repeat sequences was the TS4Cre x Apc
mouse model of CRC*-%. This mouse model utilizes colon-specific expression of the CRE recombinase to delete
exons 11-12 from one copy of the Apc gene, resulting in a frame-shift truncation of the product, similar to what
occurs in human cancer. Colons were harvested from seven mice and macroscopically normal, but tumor adja-
cent, and tumor tissues were isolated (S6). Larger tumors (>5mm in size) were selected for analysis, using the
rationale that EMAST has been observed in larger, more advanced lesions in patients and, therefore, it would
be more likely to find EMAST in larger lesions from the mouse model. Three of the seven tumors chosen were
shown to be invasive on histological examination, demonstrating they were adenocarcinoma, while the other four
tumors were large but not invasive (Fig. 2). Initial PCR and sequencing results using normal mouse colon DNA
confirmed that these seven repeats could be studied in the mouse tissues, despite the repetitive nature of these
potential EMAST sequences. Sequencing assays for each marker in the panel were done in each tissue sample,
and representative sequencing data for markers COR17 and C10R18 are shown in Fig. 3. Some sequencing chro-
matographs showed clean peaks throughout the repeat region and beyond in both normal and tumor samples
(Fig. 3A,B), whereas others showed heterogeneous peaks towards the end of the repeat region and beyond in both
normal and tumor samples (Fig. 3C,D). Those repeats that showed instability in normal and/or tumor DNA, i.e.
those with repeat variations observed, were more likely to show heterogeneous peaks in either or both normal
and tumor tissue. This observation was expected, as mice displaying instability do not necessarily have the same
repeat number for a particular marker on both autosomes, nor do all cells from a tissue undergo the same inser-
tions/deletions. Together, these data suggested that at least some of the algorithm-identified repeats were indeed
unstable, and potentially susceptible to EMAST.

To detect EMAST, comparisons of macroscopically normal and tumor tissue from the exact same mouse were
made, as is done in human studies. Alignments of some normal and tumor repeat sequences to the published
genomic sequence (i.e. the sequence obtained from NCBI for the C57Bl/6 mouse genome) were clean, without
major mismatches or gaps in the repeat or flanking regions (Fig. 4A,B). However, some normal samples dis-
played tetranucleotide gaps indicating a difference in the repeat length when compared to the published sequence
(Fig. 4C), while others did not (Fig. 4D), indicating that the repeat length could be variable in the macroscopically
normal colon tissue of individual TS4Cre x Apc'®%® mice. Therefore, only alignments between normal and tumor
sequences from matched samples that uncovered gaps of four, or multiples of four, nucleotides were used to
indicate the occurrence of EMAST (Fig. 4E). EMAST was determined in this manner because in human studies,
tumors are considered EMAST" when the repeat number varies from surrounding normal tissue DNA. All dif-
ferences found between each pair of normal and tumor DNA, or normal DNA and the published sequence, were
confirmed in independent PCR and sequencing reactions. Table 1 provides a summary of all sequencing data in
terms of the number of tetranucleotide repeats found for the seven markers in each sample assayed. Five out of
seven markers identified by the algorithm and tested showed instability in macroscopically normal colon tissue
from the individual TS4Cre x Apc'®“%® mice. Five out of seven markers also displayed EMAST in the seven tumor
samples assayed, based on comparison with normal tissue, although only four markers that showed EMAST over-
lapped with those that showed instability in individual mice. Five out of seven tumors assayed were determined to
be EMAST* with at least one marker out of seven unstable. It is very important to note that two randomly chosen
ATCT repeats, not identified by the algorithm, showed no evidence of instability, suggesting that the algorithm
does identify repeat sequences that have the potential to demonstrate instability.

lox468
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Figure 2. Histology of tumor sections from mouse colon. 5 u sections were stained with Meyer’s hematoxylin
for histological evaluation. Representative samples shown: (A) Invasive tumor tissue sample T3 from mouse
#T2. The red arrow indicates where the tumor has invaded into the submucosa; (B) non invasive tumor tissue
sample T2 from mouse #122; (C) non invasive tumor tissue sample T7 from mouse #134; (D) normal mouse
colon tissue sample N2 from mouse #122. All pictures were taken at 100x magnification.

To investigate the unexplained observation that macroscopically normal colon tissue from individual
TS4Cre x Apc®“%® mice displayed instability further, one marker, C10R18, was investigated in seven colon DNA
samples obtained from normal parental APC°¥*®® mice. Parental animals do not have any defect in Apc expres-
sion and, thus, don’t develop colonic polyps. None of the parental animals displayed any instability in the CI0R18
marker (Table 1), indicating that the algorithm did not identify repeats that were inherently unstable in normal
mice, but rather ones that display instability in diseased colons only. Overall, the results presented here demon-
strated that the algorithm developed successfully identifies EMAST repeats in animal genomes and confirm, for
the very first time, that EMAST can be studied in an animal model of cancer.

Discussion

In these studies, an algorithm has been developed that identified EMAST repeats in the mouse genome. Use of
the repeat type, repeat length, and the inclusion of identified sequence motifs in 5’ and 3 flanking sequences suc-
cessfully identified CTTT (i.e. AAAG) tetranucleotide repeats that display instability. In fact, 86% of sequences
studied further (i.e. 6/7) displayed instability in the TS4Cre X Apcl®“®® mouse model of colon cancer while neither
of two randomly selected controls displayed instability. These data demonstrate that use of the motifs selects the
animal CTTT tetranucleotide repeats that are more similar to known human EMAST sequences. It can also be
noted that this refinement was not biased towards repeat length, as the inclusion of the motifs did not prompt
the algorithm to select longer repeat sequences despite the repetitiveness of the motifs. The program selected
sequences of similar length in both human and mouse genomes.

Study of seven repeat sequences in the colon tissue from the TS4Cre X Apc'®“%® mouse model of CRC verified
that five of those studied display EMAST as defined in human patient studies. That is, five of the markers had a
variable number of repeats between normal and tumor tissue from the same mouse. However, the observation of
instability in macroscopically normal tissue was unexpected. Because no instability in the C10R18 marker was
observed in parental Apcl®“%® mice that lacked colonic lesions, this observation strongly suggests that the insta-
bility of the repeats observed in macroscopically normal colon tissue of TS4Cre x Apc®“%® mice was more likely
due to a diseased, possibly inflamed™, colonic environment in the mouse model and not an inherent property of
the sequences to destabilize in normal mouse colon tissue. In retrospect, this observation might could have been
predicted, as microsatellite instability, including EMAST, has been observed in dysplastic but non-malignant tis-
sues, such as those in ulcerative colitis, that are associated with inflammatory and/or oxidative stress (for review
see®). These conditions are known to lead to cancer and to promote aggressive disease. This does suggest, however,
that in animal models of cancer, where multiple lesions are possible in an organ due to the widespread nature of
the genetic defect, it might be best to test for ‘normal’ repeat numbers using a non-affected tissue. DNA isolated
from tail tissue or peripheral blood could be more appropriate than colon tissue in this specific mouse model of
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Figure 3. Sequencing chromatographs of marker COR17 and C10R18. (A) Chromatograph showing sequencing
peaks of normal mouse tissue sample N6 with marker COR17. (B) Chromatograph showing sequencing peaks of
tumor mouse tissue sample T6 with marker C9R17. (C) Chromatograph showing sequencing peaks of normal

mouse tissue sample N5 with marker C10R18. (D) Chromatograph showing sequencing peaks of tumor mouse

tissue sample T5 with marker C10R18.
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Figure 4. Sequencing alignments of marker C9R17 and C10R18. (A) Sequence alignment of marker COR17

published sequence (top) to sample N6 (bottom). (B) Sequence alignment of marker COR17 published sequence

(top) to sample T6 (bottom). (C) Sequence alignment of marker CI0R18 published sequence (top) to sample
N1 (bottom). (D) Sequence alignment of marker C10R18 published sequence (top) to sample N2 (bottom). (E)
Sequence alignment of marker C10R18 sample N1 (top) to sample T1 (bottom).

cancer. Although it was not tested, this hypothesis might indicate COR17, which demonstrates variability in the

normal tissue from one mouse, may very well be an additional EMAST marker in mice. While none of the seven

tumors tested displayed EMAST with this marker as defined by human studies, one tumor, T4, did display a var-

iable number of repeats when compared to the published sequence.
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Published # of | Sampl Samples

Loci Name* | Repeats® Type 1 2 3 4 5 6 7

Normal 15% 16 15% 15% 15% 16 15%
C6R16 16

Tumor 15 15 15 16 15 15 15

Normal 17 17 17 17 17 17 17
C8R17 17

Tumor 17 17 17 17 18 17 16

Normal 17 17 17 16* 17 17 17
C9R17 17

Tumor 17 17 17 16 17 17 17

Normal 17* 18 17%* 17%* 17* 17* 18
CI0R18 18

Tumor 18 17 17 17 17 17 18

Normal 15 15 15 15 15 16* 15
C14R15 15

Tumor 15 15 15 15 15 15 15

Normal 15% 16 15% 16 16 15% 15%
Cl14R16 16

Tumor 16 15 15 16 15 14 16

Normal 16 16 16 16 16 16
CI9R16 16

Tumor 16 16 16 16 16 16 16

Normal 14 14 14 14 14 14 14
Ch18R14.1 14

Tumor 14 14 14 14 14 14 14

Normal 14 14 14 14 14 14 14
Ch18R14.2 14

Tumor 14 14 14 14 14 14 14
C10R18 18 Parental 18 18 18 18 18 18 18

Table 1. The number of TCCC repeat lengths found in the seven loci tested from each mouse normal and
tumor colon tissue sample assayed. “Loci name (generated from the chromosome #Followed by the repeat
length), the published number of repeats, the sample type, and sample #1-7, as reported. ®Published number
of repeats for comparison. For each locus, the number of repeats in each normal sample can be compared to
the published genomic data, and to the corresponding tumor data (indicated in the row directly below) to
determine sequence instability and/or EMAST. "Results determining instability between individual mice in
normal samples are marked with an asterisk. Bold — Results identifying EMAST, as determined by human
studies (comparison of normal DNA sequence vs. tumor samples).

A limitation of this study is the lack of ATCT (i.e. AGAT) tetranucleotide repeats in this new panel of mouse
EMAST repeats. The reason for this was that statistically significant novel motifs could not be identified from the
flanking regions of the four human AGAT sequences that have been used previously. As a result, the program
was unable to provide useful AGAT repeat sequences that have the potential to undergo instability. This is fur-
ther highlighted by the observation that two randomly chosen AGAT repeats that met the requirement of repeat
length did not display EMAST in our mouse model. Future studies will need to address this, as well as determine
the incidence of EMAST in mouse models of CRC to determine if occurrence is similar to that seen in humans.
Analyses into the tumors themselves need to be done to determine if similar characteristics of inflammation and
MSH3 dysfunction can be seen in mouse EMAST* tumors and to further our understanding of the underlying
mechanisms of EMAST. Due to the versatility of the algorithm designed, it is also now possible to build panels
of EMAST markers in animal models other than mice. In addition, the algorithm may identify better EMAST
markers for use in human cancer patients, perhaps facilitating the formation of a consensus panel of markers
which is needed to standardize studies in this field. It is also important to note that trinucleotide repeats can
also show EMAST. The identification of unstable trinucleotide repeats, which are important in neurological and
neuromuscular diseases (reviewed in®’) in addition to being EMAST markers in cancer, might also benefit from
the approach developed here.

In conclusion, a streamlined approach to discovering potential species-specific EMAST sequences that can be
used to develop panels of EMAST markers in any animal model of cancer has been developed. In addition, the
results shown here develop a panel of EMAST markers for use in mouse models of cancer and show, for the very
first time, EMAST can occur in a mouse model of CRC.

Materials and Methods
Mouse model. TS4Cre x Apc®*®® mice were bred using TS4Cre homozygous mice and Apc'®%® (called cApc
hereafter) homozygous mice. cApc homozygous mice have been modified to have the 11 and 12" exons of the
Apc gene floxed®. TS4Cre homozygous mice express Cre recombinase specifically in the intestinal and colonic
epithelium under a fatty acid binding protein gene promoter®'. Cross-bred mice will undergo Cre-mediated
recombination and produce one Apc gene that is truncated at codon 468. These mice develop polyps confined to
the distal colon/rectum and distal ileum®. All animal experiments and breeding were performed in accordance
with relevant guidelines and regulations and approved by the San Diego State University Institutional Animal
Care and Use Committee.

Mice were sacrificed at 5 to 10 months of age. Colons were harvested and tumors were documented by size
in mm (diameter) and isolated. Seven large tumors (>5mm) were selected for this study; three of the selected
tumors (T1, T3, and T6) were shown to be invasive adenocarcinoma while the remaining four were not invasive
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and were, thus, large adenomas. Normal tissue was isolated from macroscopically normal, tumor-adjacent, colon
tissue in the distal colon.

DNA extraction. Tumors and adjacent normal colon tissues were used to extract DNA. DNA extraction
was done using the REDExtract-N-Amp Tissue PCR kit (Sigma-Aldrich #R4775, Missouri, USA) using small
sections of tumor and normal tissue. First, 50 pl of Extraction buffer and 12.5 ul of Tissue Preparation Buffer are
added to a PCR tube and mixed. The tissue to be digested was then submerged in the solution. The tube was then
put in the PCR machine for the following incubations: 10 minutes at 37 °C, 3 minutes at 95°C and then cooling to
55°C. Once completed, 50 ul of Neutralization buffer was added to finish the reaction. All reagents were provided
in the Kkit.

Collecting parameters for EMAST sequences. Review of previously published EMAST papers in vari-
ous cancers (see manuscript text) provided a list of known human EMAST sequences which were analyzed using
NCBI to get further information regarding tetranucleotide repeat type and length. Previous evidence of known
instability or overlap with known genes/novel RNAs in these sequences were found using ENSEMBL (http://
uswest.ensembl.org/index.html). Previous evidence of instability is derived from published sequence variations
from population studies found via sequence search in ENSEMBL.

MOTIF analysis. 5’ and 3’ flanking sequences of known human EMAST sequences were analyzed using
the MEME Suite 4.11.1 program for motif discovery (http://meme-suite.org/tools/meme). FASTA sequences for
flanking sequences were collated and run using the normal discovery mode. Analyses were done in categories of
tetranucleotide repeat type.

Python programing. Python code written using Python V 2.7.9. Code (http://www.python.org) was written
to open and read FASTA files, and iterate through user provided files to search for user defined tetranucleotide
type & repeat number. Appropriate sequences were then enlarged to include 25 nucleotide flanking sequences on
either side. These flanking sequences were then iterated to search for the presence of the appropriate motif. If all
properties were met, the sequence was then written to an excel file as output.

Analysis of sequences. The unmasked mouse genome FASTA files were downloaded from NCBI as chro-
mosomes. These files were put in the same directory as the python program and were used in the program’s
analysis of CTTT repeats. Output excel files contained lists of found sequences that matched search criteria. The
longest sequences with high percentage similarity to known human loci were examined for previous evidence of
instability using ENSEMBL. Seven sequences were chosen for further study as described in the text.

Verification: primer design and PCR protocol followed by sequencing. Primers for the sequences
were designed and ordered using the IDT design tool (http://www.idtdna.com/primerquest/home/index). Due
to the repetitive nature of sequences, the PCR sequence product was enlarged to 500-600 bp for easy design of
unique primers. These primers were blasted against the mouse genome using ENSEMBL before use to verify that
the sequences recognized were correct and unique. PCR of seven tumor and adjacent normal samples were done
using an extended PCR protocol as follows: initial denaturation at 95° for 5 min; 35 cycles: 95° for 5sec, 59° for
30sec, 68° for 10 min; final extension at 68° for 10 min and hold at 4°. PCR products were run on a 1% agarose
TAE gel, for 40 minutes at 110 V and imaged to confirm that single products were present. Samples were then sent
to ETON Biosciences for purification and forward- and/or reverse-strand Sanger sequencing reactions. Sequence
results were then aligned using ApE software (http://biologylabs.utah.edu/jorgensen/wayned/ape/) to identify
gaps, if any, and to confirm the correctness of the sequence.

The data obtained in this study are freely available at: https://figshare.com/projects/A_new_method_for_
discovering_ EMAST_sequences_in_animal_models_of_cancer/34067.

References

1. Carethers, J. M., Koi, M. & Tseng-Rogenski, S. S. EMAST is a Form of Microsatellite Instability That is Initiated by Inflammation and
Modulates Colorectal Cancer Progression. Genes 6, 185-205 (2015).

2. Watson, M. M., Berg, M. & Soreide, K. Prevalence and implications of elevated microsatellite alterations at selected tetranucleotides
in cancer. Brit. ] Cancer 111, 823-827 (2014).

3. Hile, S. E., Shabashev, S. & Eckert, K. A. Tumor-specific microsatellite instability: do distinct mechanisms underlie the MSI-L and
EMAST phenotypes? Mut. Res. 743-744, 67-77 (2013).

4. Haugen, A. C. et al. Genetic instability caused by loss of MutS homologue 3 in human colorectal cancer. Cancer Res. 68, 8465-8472
(2008).

5. Lee, S. Y. et al. Microsatellite alterations at selected tetranucleotide repeats are associated with morphologies of colorectal neoplasias.
Gastroenterol. 139, 1519-1525 (2010).

6. Lee, S. Y. et al. Microsatellite instability, EMAST, and morphology associations with T cell infiltration in colorectal neoplasia. Dig.
Dis. Sci. 57,72-78 (2012).

7. Yamada, K. et al. Microsatellite instability at tetranucleotide repeats in sporadic colorectal cancer in Japan. Oncol. Rep. 23, 551-561
(2010).

8. Devaraj, B. et al. Relationship of EMAST and microsatellite instability among patients with rectal cancer. J. Gastrointest. Surg. 14,
1521-1528 (2010).

9. Garcia, M. et al. Association between recurrent metastasis from stage II and III primary colorectal tumors and moderate
microsatellite instability. Gastroenterol. 143, 48-50 e41 (2012).

10. Watson, M. M., Lea, D., Rewcastle, E., Hagland, H. R. & Soreide, K. Elevated microsatellite alterations at selected tetranucleotides in

early-stage colorectal cancers with and without high-frequency microsatellite instability: same, same but different? Cancer Med. 5,
1580-1587 (2016).

SCIENTIFICREPORTS| (2018) 8:13764 | DOI:10.1038/s41598-018-32057-2 7


http://uswest.ensembl.org/index.html
http://uswest.ensembl.org/index.html
http://meme-suite.org/tools/meme
http://www.python.org
http://www.idtdna.com/primerquest/home/index
http://biologylabs.utah.edu/jorgensen/wayned/ape/
https://figshare.com/projects/A_new_method_for_discovering_EMAST_sequences_in_animal_models_of_cancer/34067
https://figshare.com/projects/A_new_method_for_discovering_EMAST_sequences_in_animal_models_of_cancer/34067

www.nature.com/scientificreports/

11. Campregher, C. et al. MSH3-deficiency initiates EMAST without oncogenic transformation of human colon epithelial cells. PloS one
7, 50541 (2012).

12. Tseng-Rogenski, S. S. et al. Oxidative stress induces nuclear-to-cytosol shift of hMSH3, a potential mechanism for EMAST in
colorectal cancer cells. PloS one 7, 50616 (2012).

13. Tseng-Rogenski, S. S., Hamaya, Y., Choi, D. Y. & Carethers, J. M. Interleukin 6 alters localization of hMSH3, leading to DNA
mismatch repair defects in colorectal cancer cells. Gastroenterol. 148, 579-589 (2015).

14. Kolligs, F. T. Diagnostics and Epidemiology of Colorectal Cancer. Visceral Med. 32, 158-164 (2016).

15. Ahrendt, S. A. et al. Microsatellite instability at selected tetranucleotide repeats is associated with p53 mutations in non-small cell
lung cancer. Cancer Res. 60, 2488-2491 (2000).

16. Arai, H. et al. Elevated microsatellite alterations at selected tetra-nucleotide (EMAST) in non-small cell lung cancers-a potential
determinant of susceptibility to multiple malignancies. Intl. . Clin. Exp. Pathol. 6, 395-410 (2013).

17. Burger, M. et al. Elevated microsatellite instability at selected tetranucleotide repeats does not correlate with clinicopathologic
features of bladder cancer. Euro. Urol. 50, 770-775; discussion 776 (2006)

18. Burger, M. et al. Elevated microsatellite alterations at selected tetranucleotides (EMAST) and mismatch repair gene expression in
prostate cancer. J. Mol. Med. (Berlin, Germany) 84, 833-841 (2006).

19. Catto, J. W. et al. Distinct patterns of microsatellite instability are seen in tumours of the urinary tract. Oncogene 22, 8699-8706
(2003).

20. Choi, Y. D. et al. Microsatellite instability at a tetranucleotide repeat in type I endometrial carcinoma. J. Exp. Clin. Cancer Res. 27, 88
(2008).

21. Danaee, H. et al. Microsatellite instability at tetranucleotide repeats in skin and bladder cancer. Oncogene 21, 4894-4899 (2002).

22. Hamaya, Y. et al. Efficacy of Adjuvant 5-Fluorouracil Therapy for Patients with EMAST-Positive Stage II/IIT Colorectal Cancer. PloS
one 10, e0127591 (2015).

23. Stoehr, C. et al. Mismatch repair proteins hMLH1 and hMSH2 are differently expressed in the three main subtypes of sporadic renal
cell carcinoma. Pathobiol.: J. Immunopathol. Mol. Cell. Biol. 79, 162-168 (2012).

24. Venderbosch, S. et al. EMAST is associated with a poor prognosis in microsatellite instable metastatic colorectal cancer. PloS one 10,
€0124538 (2015).

25. Woenckhaus, M. et al. Microsatellite instability at chromosome 8p in non-small cell lung cancer is associated with lymph node
metastasis and squamous differentiation. Intl. J. Oncol. 23, 1357-1363 (2003).

26. Kloor, M., Schwitalle, Y., von Knebel Doeberitz, M. & Wentzensen, N. Tetranucleotide repeats in coding regions: no evidence for
involvement in EMAST carcinogenesis. . Mol. Med. (Berlin, Germany) 84, 329-333 (2006).

27. Chung, H., Chaudhry, J., Lai, J. E, Young, D. ]. & Carethers, ]. M. Flanking nucleotide specificity for DNA mismatch repair-deficient
frameshifts within activin receptor 2 (ACVR2). Mut. Res. 729, 73-80 (2012).

28. Chung, H. et al. Flanking sequence specificity determines coding microsatellite heteroduplex and mutation rates with defective
DNA mismatch repair (MMR). Oncogene 29, 2172-2180 (2010).

29. Sia, E. A., Kokoska, R. J., Dominska, M., Greenwell, P. & Petes, T. D. Microsatellite instability in yeast: dependence on repeat unit size
and DNA mismatch repair genes. Mol. Cell. Biol. 17, 2851-2858 (1997).

30. Bailey, T. L. & Elkan, C. Fitting a mixture model by expectation maximization to discover motifs in biopolymers. Proceed. Intl. Conf.
on Intell. Syst. for Mol. Biol. 2, 28-36 (1994).

31. Stormo, G. D., Schneider, T. D., Gold, L. & Ehrenfeucht, A. Use of the ‘Perceptron’ algorithm to distinguish translational initiation
sites in E. coli. Nuc. Acids Res. 10,2997-3011 (1982).

32. Richard, G. E, Kerrest, A. & Dujon, B. Comparative genomics and molecular dynamics of DNA repeats in eukaryotes. Microbiol.
Mol. Biol. Rev. 72, 686-727 (2008).

33. Gounari, E et al. Loss of adenomatous polyposis coli gene function disrupts thymic development. Nat. Immunol. 6, 800-809 (2005).

34. Saam, J. & Gordon, J. Inducible gene knockouts in the small intestinal and colonic epithelium. J Biol. Chem. 274, 38071-38082
(1999).

35. Khazaie, K. et al. Abating colon cancer polyposis by Lactobacillus acidophilus deficient in lipoteichoic acid. Proceed. Nat. Acad. Sci.
US 109, 10462-10467 (2012).

36. Li, S. K. & Martin, A. Mismatch Repair and Colon Cancer: Mechanisms and Therapies Explored. Trends Mol. Med. 22, 274-289
(2016).

37. Budworth, H. & McMurray, C. T. A brief history of triplet repeat diseases. Meth. Mol. Biol. (Clifton, N.J.) 1010, 3-17 (2013).

Acknowledgements

We thank Dr. Andrew Larson, MD, Professor of Radiology and Dr. Elias Gounaris, PhD, Research Assistant
Professor, Feinberg School of Medicine, Northwestern University, Chicago, IL-60611, for their generous gift of
TS4Cre and Apcl®*®® mice. Also, we thank Kimberley Manalo for assistance with genotyping. This study was
funded by grant number 1U01CA162147-01A1 to John M. Carethers and KLM. The algorithm developed for this
study can be freely accessed at https://github.com/Nityabhas/FindEMAST.

Author Contributions

N.B. Developed algorithm, searched genomes, developed PCR protocol and designed primers, tested tumors
for EMAST sequences, aligned sequences to published databases. J.L. Used PCR protocol on DNA isolated from
tumor and normal tissue, sequence alignments, identified EMAST in mouse tumors, designed primers. S.T.K.
assisted with development of algorithm; guided design of bioinformatic approach. M.W.K. set up mouse model
of colon cancer, isolated normal and tumor tissues, helped with histology and identification of invasion. PM.
searched genomes, designed primers, tested tumors for EMAST sequences, aligned sequences to published
databases. K.L.M. Principle Investigator; provided funding and advice at all stages of the project, guiding
approach and design of algorithm and identification of motifs. Guided use of animals, provided assurances for
the humane care and use of animals.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-32057-2.

Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

SCIENTIFICREPORTS| (2018) 8:13764 | DOI:10.1038/s41598-018-32057-2 8


https://github.com/Nityabhas/FindEMAST
http://dx.doi.org/10.1038/s41598-018-32057-2

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CE | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS| (2018) 8:13764 | DOI:10.1038/s41598-018-32057-2 9


http://creativecommons.org/licenses/by/4.0/

	A new method for discovering EMAST sequences in animal models of cancer

	Results

	Discussion

	Materials and Methods

	Mouse model. 
	DNA extraction. 
	Collecting parameters for EMAST sequences. 
	MOTIF analysis. 
	Python programing. 
	Analysis of sequences. 
	Verification: primer design and PCR protocol followed by sequencing. 

	Acknowledgements

	Figure 1 Developing an algorithm to identify potential EMAST CTTT repeats in animal genomes.
	Figure 2 Histology of tumor sections from mouse colon.
	Figure 3 Sequencing chromatographs of marker C9R17 and C10R18.
	Figure 4 Sequencing alignments of marker C9R17 and C10R18.
	Table 1 The number of TCCC repeat lengths found in the seven loci tested from each mouse normal and tumor colon tissue sample assayed.




