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Abstract

Background: Microsatellite instability (MSI) is a biomarker for better outcomes in colorectal cancer (CRC). However,
this conclusion is controversial. In addition, MSs can be a useful marker for loss of heterozygosity (LOH) of genes, but
this finding has not been well studied. Here, we aimed to clarify the predictive value of MSI/LOH within tumor-related
genes in CRC.

Methods: We detected MSI/LOH of MSs in tumor-related genes and the Bethesda (B5) panel by STR scanning and
cloning/sequencing. We further analyzed the relationship between MSI/LOH status and clinical features or outcomes
by Pearson’s Chi-square test, Fisher's exact test and the Kaplan-Meier method.

Results: The findings indicated that the MSI rates of B5 loci were all higher than those of loci in tumor-related genes.
Interestingly, MSI/LOH of 2 loci in the B5 panel and 12 loci in tumor-related genes were associated with poorer out-
comes, while MSI/LOH of the B5 panel failed to predict outcomes in CRC. MSI of BAT25, MSI/LOH of BAT26 and MSI of
the B5 panel showed closer relationships with mucinous carcinoma. In addition, LOH-H of the B5 panel was associ-
ated with increased lymphatic metastasis.

Conclusions: In summary, MSI/LOH of certain loci or the whole panel of B5 is related to clinical features, and several
loci within tumor-related genes showed prognostic value in the outcomes of CRC.
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Background

Colorectal cancer (CRC) is one of the most common
cancers in the world [1]. In China, CRC is one of the five
leading causes of cancer-related death and one of the two
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The carcinogenesis of colorectal cancer involves vari-
ous potential pathways, including chromosomal insta-
bility (CIN) and microsatellite instability (MSI). CIN
is detected in up to 80% of CRCs and may be accompa-
nied by loss of heterozygosity (LOH) and chromosomal
rearrangement [4]. MSI is known as a hypermutable
phenotype resulting from the loss or dysfunction of the
mismatch repair (MMR) system, which detects and
repairs mismatches that occur during DNA replication
[5]. It has been reported that approximately 15% of CRCs
carry MSI in Western countries [6], whereas approxi-
mately 14.3% of CRCs in China were identified as MSI-
positive [7]. Thus, it is well accepted that MSI status is
associated with CRC. The Bethesda panel (B5 panel) has
been recommended by the American National Cancer
Institute for testing MSI [8, 9]. According to MSI deter-
mination using the B5 panel, CRCs with MSI exhibit
distinctive features, including a tendency to arise in the
proximal colon, lymphocytic infiltration, and a poorly
differentiated, mucinous or signet ring appearance, and
they have a better prognosis than tumors without MSI
due to their differential susceptibility to chemothera-
peutics [6, 10]. Many studies have indicated that patients
with high levels of MSI (MSI-H) exhibit a better antitu-
mor immune response and improved prognosis com-
pared to those with low levels of MSI (MSI-L) or those
who are microsatellite stable (MSS) [11]. Combined MSI
and elevated microsatellite alterations at selected tetra-
nucleotide repeats (EMAST) might be more suitable for
treatment with immunotherapy in colorectal cancer [12].
However, this conclusion is controversial [13]. On the
other hand, LOH analysis identifies allelic imbalances,
which reflect gains and losses of chromosomal regions. It
is known that the severity of LOH differs among tumors.
Some tumors have LOH at many loci in various chro-
mosomes, whereas others have less frequent LOH [14].
A few studies have indicated that different LOH muta-
tion frequencies of loci might be related to the biologi-
cal behavior of CRC [14, 15]. However, this conclusion
is still under debate. Herein, we analyzed data from 440
CRC patients in China using the B5 panel. As expected,
they were quite sensitive to detecting MSI, but the MSI
and LOH status of the B5 panel had no prognostic value
or predictive significance for CRC. Notably, MSI/LOH
mutations of the loci or panels recommended for the B5
panel and tumor-related genes correlated with the clini-
cal features of CRC and could be used for determining
treatments of individual patients. Thus, the development
of novel robust biomarkers for the CRC population may
be beneficial for the prognosis and prediction of chemo-
therapeutic responses.

Additional new panels for MSI tests have recently been
developed. Ronald ] Hause et al. demonstrated that MSI
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status was scattered across the human genome in 18
cancer types, including CRC, revealing that MSI’s prog-
nostic significance [16]. However, the number of MS loci
was too large to be used in practice. It has been reported
that several critical genes, such as TP53, APC inactiva-
tion, KRAS and BRAF mutations, MYC amplification,
and other tumor-related genes, are altered in CRC. These
molecular events lead to dysregulation of cell growth,
proliferation, survival, apoptosis, and invasion, which are
involved in tumorigenesis and tumor progression [17].
The prevalence and clinical significance of KRAS, BRAF,
NRAS, and PIK3CA mutations have been documented in
the Chinese CRC population [18]. However, the data are
quite limited, and MSI status within these tumor-related
genes has not yet been fully explored. Therefore, we
hypothesized that MSI/LOH within these genes would
be appropriate markers for clinical pathological staging,
prognosis and predicting response to chemotherapy in
CRC patients. In the present study, we investigated the
MSI/LOH profile in tumor-related genes and illuminated
the relationship between MSI/LOH status and clinico-
pathological characteristics in Chinese CRC patients.

Methods
Cohort selection and DNA extraction
This study was performed on 440 pairs of CRC and adja-
cent normal tissues collected from the local Institutional
Review Broad of Beijing Friendship Hospital. Among the
440 CRCs, 256 were assigned to training (2006 to 2014),
and all 440 CRCs were defined as validation sets (2005 to
2014). Patients with colorectal cancers were stage I-IV
according to the TNM system classification of the Ameri-
can Joint Committee on Cancer. Informed consent was
obtained from all individuals, and the principal inclusion
criteria were as follows: histologically confirmed papil-
lary/tubular adenocarcinoma, signet ring carcinoma and
mucinous carcinoma of the colon or rectum. Patients
were followed until their last contact or death. Vital status
and cause of death were obtained from medical records,
tumor registry correspondence, or death confirmation.
Clinicopathological data were obtained from the medi-
cal record archive. The clinical and histopathological
information of 256 patients is shown in Additional file 1:
Table S1. In brief, the mean age was 67.39 years (range
49-86 years.), while 57.48% were male and 42.52% were
female, but the sex information of two patients was
missing. Moreover, 34.51% (n=288) and 22.35% (n=>57)
of patients exhibited a history of smoking and drink-
ing, respectively. Overall, 131 patients (51.17%) received
adjuvant treatment; stage II and III tumors represented
57.73% and 42.27% of the cases, respectively. Regarding
tumor location, 54.69% (n=140) and 45.31% (n=116)
of tumors were located within the colon and rectum,
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respectively. The 5-year overall survival (OS) rate and
5-year progession-free survival (PES) rate were 81.64%
(n=209) and 76.17% (n=195), respectively. Among the
patients studied, forty-seven died during data collection.
Genomic DNA was extracted from 880 samples (440
pairs) using a standard phenol-chloroform method
[19]. DNA quality was analyzed by a microvolume spec-
trophotometer (Thermo Scientific NanoDrop 2000,
Waltham, MA, USA) and agarose gel electrophoresis.

MS in tumor-related genes

Using SSRHunter software, we identified 145 microsatel-
lite loci in 19 genes that are closely related to CRC tumo-
rigenesis, including 4 MMR genes (MLHI, MSH6, PMS2
and MSH2), 7 TS genes (TP53, CDKNIA, ATM, APC,
MCC, BBC3, and PTEN), 7 oncogenes (KRAS, NUPSS,
BRAF, LIMS1, MDM?2, MYC and TMEMS97), and 1
DNAR (MGMT). We designed and synthesized primers
to amplify these loci. PCR conditions for these 145 MS
loci were optimized by PCR amplification in a gradient
thermal cycler (BIO-RAD Inc. ALS1296, Hercules, CA,
USA) using the same protocol we previously reported
[19]. Briefly, the PCR amplification system required a
total volume of 20 pL: 2 uL of 10 x buffer, 0.5 pumol/L of
each primer, 125 umol/L dNTPs (4 x), 1.0 U Taq DNA
polymerase, 1.5-2.5 mmol/L MgCl,, and 100 ng template
DNA. PCR was performed using the following protocol:
pre-denaturation at 94 °C for 5 min; 35 cycles of denatur-
ation at 94 °C for 30 s, annealing at gradient temperatures
for each microsatellite for 30 s, and extension at 72 °C for
30 s, followed by a final extension at 72 °C for 5 min. PCR
products were evaluated on 2% agarose gels and visual-
ized using a UV transilluminator (BIO-RAD Inc. Gel
Doc™ XR+), through which 61 microsatellite loci were
successfully amplified (Additional file 1: Table S2).

Microsatellite instability and loss of heterozygosity
Microsatellite status in CRC was determined by PCR
amplification using primer pairs for 61 microsatellite
loci. The 5’-end of the forward primer for each locus was
tagged with a FAM, HEX, or TAMRA fluorescent marker.
PCR amplification was performed using the optimized
annealing temperature for each pair of primers. PCR
products were evaluated on 2% agarose gels prior to STR
scanning.

PCR products of the microsatellites were visualized
through capillary electrophoresis on an ABI-3730XL
DNA Analyzer system (PE Biosystems, Carlsbad, CA,
USA). The peak height of the wave for each specimen
was determined using GeneMarker version 1.75. MSI
was also assessed by 5 Bethesda loci, including BAT25,
BAT26, D2S123, D5S346, and D175250. Using capil-
lary array electrophoresis, MSI may be demonstrated
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using two main features: de novo alleles that appear as
new peaks (i.e., peaks that did not exist in the normal
tissue genotype) and slipped pre-existing alleles for the
few base pairs [20, 21]. Samples that do not exhibit MSI
were defined as MSS. In addition to MSI, we analyzed
LOH mutation, another mutant phenomenon distinct
from MSI involving a partial (>35%) to complete signal
loss of one heterozygote allele [22, 23]. Samples that did
not exhibit LOH were defined as non-LOH. Exemplary
images of MSI and LOH for BAT-25/TP53-1 loci are
shown in Additional file 2: Fig. S1.

Statistical analysis

Statistical analysis was performed using IBM SPSS® Sta-
tistics 16.0 package software (SPSS Inc.). Pearson’s Chi-
square or Fisher’s exact test was performed to analyze the
association between MSI/LOH and tumor pathological
types, tumor stages, lymphatic metastasis, infiltration
depth, tumor differentiation degree, and tumor recur-
rence; to compare MSI mutation profile of tumors
grouped by the B5 MSI status; to compare MSI/LOH
occurrence in different gene types, locations, and repeat
motifs; and to compare the incidence of MSI between
tumor-related genes. The Kaplan—Meier method was
used to estimate OS and PFS outcomes in 256 CRC
patients, stage II patients, stage III patients and chemo-
therapy patients. A p value<0.05 was considered sta-
tistically significant. The * symbol indicates p<0.05, **
indicates p <0.01, and *** indicates p <0.001.

Results

MSI/LOH status in tumor-related genes

Based on previous findings in CRC, we first selected
19 genes that are closely related to CRC tumorigenesis.
We identified 145 microsatellite loci in 4 MMR genes
(MLHI1, MSH6, PMS2 and MSH2), 7 TS genes (TP53,
CDKNI1A, ATM, APC, MCC, BBC3, and PTEN), 7 onco-
genes (KRAS, NUP88, BRAF, LIMS1, MDM2, MYC and
TMEM?97), and 1 DNAR (MGMT).

To determine MSI/LOH status in tumor-related
genes, we selected 61 MS loci (Additional file 1:
Table S2) based on optimization of the appropri-
ate PCR conditions. Among the 61 MS loci, 53 were
located in introns, 1 was found in an exon, 5 loci were
located in noncoding regions (not including 3’-untrans-
lated regions (UTR), 5-UTR, exon or introns), and the
remaining 2 loci were located in the 3/-UTR (Fig. 1A).
Based on STR scanning, 217 MSI events in 18 genes
were detected in 48 tumor specimens, represent-
ing approximately 4.52 mutations per tumor. In addi-
tion, 909 LOH events in 19 genes were detected in
147 tumors, representing approximately 6.18 muta-
tions per tumor. The rate of LOH (909/(61 loci x 256
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sample) =5.82%) was significantly higher than that of
MSI (217/(61 loci x 256 sample) =1.39%) (p <0.0001).
Of the 256 cases, 18.8% harbored one or more MSI
events, 57.4% had one or more LOH events, and no
mutations (MSI and LOH) were observed in 23.8% of
cases (Fig. 1B). For the 61 loci, 70.49% (43/61) contained
at least one MSI event, and 83.61% (51/61) contained
at least one LOH event. MSI occurrence in the 61 loci
varied widely. BRAF-9 was most frequently affected,
with a significantly higher occurrence rate than other
loci (5.08%, 13/256) (Fig. 1C). MSI frequency of the top
3 frequent MS loci in tumor-related genes (range from
4.30% to 5.08%) was lower than in B5 loci (range from
7.42% to 9.38%). The results showed that MSI muta-
tion percentages of BAT25, BAT26, D5S346, D25123,
and D17S5250 were very high. Remarkably, the TP53-1

locus had the highest LOH occurrence rate (26.95%,
69/256). LOH occurrence in 61 loci also exhibited wide
variations (Fig. 1D). The LOH frequency of the top 3
frequent loci in the tumor-related genes (range from
14.45% to 26.95%) was similar to that of dinucleotide
loci in B5 (range from 10.16% to 21.88%). Further-
more, P21 was the most commonly affected gene with
MSI frequency (4.69%, 12/256), and the TP53 gene had
a much higher LOH frequency (26.95%, 69/256) than
the other genes (Fig. 1E-F and Additional file 1: Tables
$3-54).

Colorectal carcinomas with high-frequency microsat-
ellite instability (MSI-H) accounted for 15% of all colo-
rectal cancers, including 12% of sporadic cases and 3%
of cancers associated with Lynch syndrome. Using the
B5 panel, we classified tumors as MSI-H, MSI-L or MSS.
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Colorectal cancers with MSI-H accounted for 10.94% of
all cases, which was comparable to data in the literature.
Moreover, MSI-H tumors defined by the B5 panel were
more prone to mutations in MS loci of tumor-related
genes (Additional file 3: Fig. S2).

The prognostic value and prediction of the response

to chemotherapy of MSI/LOH in tumor-related genes

MSI can provide rich information for prognosis and eval-
uation of the chemotherapy response in cancer patients
[24, 25]. The overall survival (OS) of patients with MSI-H
also tends to be longer than in patients with MSS/MSI-L
(63.5 months versus 60.0 months, p=0.013) [20]. In the
present study, we explored the relationship of MSI/LOH
of 32 sensitive loci and the outcomes of CRCs only in the
training group (n=256) due to a lack of survival informa-
tion of the second batch of samples.

According to MSI status of the B5 panel, outcomes
were not significantly different between MSI-H and
MSI-L+MSS CRC patients for all stages combined
(Fig. 2A, B), stage II (Fig. 2C, D), stage III (Fig. 2E, F)
or adjuvant chemotherapy (Fig. 2G, H). Similarly, there
was no significant difference between LOH-H (at least
two of the B5 loci showed LOH) and LOH-L+ LOH-
MSS patients for all stages combined (Fig. 3A, B), stage
II (Fig. 3C, D), stage III (Fig. 3E, F) or adjuvant chemo-
therapy (Fig. 3G, H) patients. However, we found that the
MSI/LOH status of BAT25 and D17S250 in the B5 panel
and 12 loci in tumor-related genes were sensitive mark-
ers for outcome prediction in CRC patients (Table 1 and
Fig. 4).
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In the entire group of patients (n=256), MSI in the
D17S250 (p=0.001), MSH2-15 (p=0.001), pinch-5
(p=0.03) and MCC-10 (p=0.001) loci conveyed a
poor prognosis in 5-year OS (Fig. 4A). Furthermore,
patients with MSI in the D17S250 (p=0.02), MSH2-15
(p=0.006), MCC-25 (p=0.048) and MCC-10 (p=0.001)
loci showed significantly poorer outcomes in 5-year PFS
(Table 1 and Fig. 4B).

In stage II patients (n=127), MSI in D17S250
(p=0.006), pinch-5 (p=0.001), MSH2-15 (p=0.001),
MCC-25 (p=0.024), MCC-10 (p=0.001), MCC-3
(p=0.036), MCC-26 (p=0.049), MGMT-10 (p=0.04),
and APC-6 (p=0.049) loci exhibited poor outcomes in
5-year OS in CRC (Fig. 4C). Patients with MSI in Pinch-5
(p=0.001), MSH2-15 (p=0.001), MCC-25 (p=0.024),
MCC-10 (p=0.001), MGMT-10 (p=0.04) and BRAF-9
(p=0.001) showed significantly poorer outcomes in
5-year PES as well (Table 1 and Fig. 4D).

In stage III patients (n=93), MSI in D17S250
(»=0.002) and MCC-10 (p=0.003) and LOH in loci
P21 (p=0.009) and MLH1-2 (p=0.006) were related to
poor outcome in 5-year OS (Fig. 4E). MSI in D175250
(p=0.01) and MCC-10 (p=0.001) and LOH in BRAE-9
(p=0.001), P21 (p=0.021), MLHI-2 (p=0.004) and
Pinch-13 (p=0.035) showed significantly poorer out-
comes in 5-year PFS as well (Table 1 and Fig. 4F).

We also examined the association of MSI/LOH in
tumor-related genes with the response to adjuvant chem-
otherapy. In the adjuvant chemotherapy group (n=132),
patients with MSI in D17S5250 (»p=0.01) and MCC-10
(»p=0.001) and LOH in BAT-25 (p=0.048) presented
a poorer outcome in 5-year OS (Fig. 4G). Meanwhile,
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Table 1 The prognostic value of MSI/LOH status of loci in tumor-related genes and B5

Loci Total (n=256) I (n=127) 1l (n=93) Chemotherapy (n=132)
oS PFS 0os PFS 0os PFS 0os PFS

D175250 MSIp=0.001  MSIp=0.02 MSI p=0.006 - MSIp=0.002 MSIp=0.01 MSIp=0.023 -
MSH2-15 MSIp=0.001  MSIp=0.006 MSIp=0.001 MSIp=0.01 - - - -
pinch-5 MSIp=0.03 - MSIp=0.001  MSIp=0.001 - - - -
MCC-25 - MSIp=0.048 MSIp=0024 MSIp=0.01 - - - -
MCC-10 MSIp=0.001  MSIp=0.001 MSIp=0001 MSIp=0.001  MSIp=0.003 MSIp=0.001 MSIp=0.001 MSIp=0.001
MCC-3 - - MSIp=0.036 - - - - -
MCC-26 - - MSI p=0.049 - - - - -
MGMT-10 - - MSIp=0.04 MSIp=0.02 - - - -
APC-6 - - MSI p=0.049 - - - - -
BRAF-9 - - - MSIp=0.019 - LOH p=0.001 - -
P21 - - - - LOHp=0009 LOHp=0.021 - -
MLH1-2 - - - - LOHp=0006 LOHp=0.004 - -
Pinch-13 - - - - - LOHp=0.035 - -
BAT25 - - - - - - LOH p=0.048 -

Total, all of the patients; II, stage Il patients; lll, stage IIl patients; Chemotherapy, patients received adjuvant chemotherapy; OS, 5-year overall survival; PFS, 5-year

progression free survival. MSI, MSI status of the loci is related to OS or PFS; LOH, LOH status of the loci is related to OS or PFS. p values were obtained from log-rank test

patients with MSI in MCC-10 (p=0.001) loci exhibited
poorer outcomes in 5-year PFS (Table 1 and Fig. 4H).

We further performed the Cox regression sur-
vival analysis in the entire group of patients (n=256)
(Table 2). The results indicated that smoking (HR
3.975, 95% CI 1.565-10.079, p=0.004), drinking (HR
0.281, 95% CI 0.090-0.885, p=0.030), TNM stage (HR
0.246, 95% CI 0.102-0.595, p=0.002), chemotherapy

(HR 0.240, 95% CI 0.106-0.547, p =0.001) and MSI of
MSH2-15 (HR 7.701, 95% CI 1.039-57.030, p =0.043)
were independent factor for OS of CRC patients.
Moreover, smoking (HR 4.205, 95% CI 1.645-10.752,
p=0.003), drinking (HR 0.299, 95% CI 0.095-0.943,
p=0.039), TNM stage (HR 0.253, 95% CI 0.105-0.607,
p=0.002), chemotherapy (HR 0.215, 95% CI 0.092-
0.502, p<0.001), MSI of MSH2-15 (HR 11.240, 95%
CI 1.992-63.410, p=0.006) and MSI of MCC-10 (HR
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Table 2 The cox regression survival analysis in the entire group of patients (n =256)

Factors 0OS (n=256) PFS (n=256)

HR (95%Cl) p value HR (95%Cl) p value
Gender 2.010(0.875-4.616) 1.000 1.881(0.816-4.334) 0.138
Smoking 3.975(1.565-10.079) 0.004 4.205 (1.645-10.752) 0.003
Drinking 0.281 (0.090-0.885) 0.030 0.299 (0.095-0.943) 0.039
TNM Stage 0.246 (0.102-0.595) 0.002 0.253 (0.105-0.607) 0.002
Depth of tumor invasion 0.623 (0.077-5.076) 0.659 0.600 (0.073-4.900) 0.634
Lymph node involvement a a a a
Presence of metastasis a a a a
Pathological type 0.960 (0.327-2.818) 0.940 0.905 (0.306-2.675) 0.857
Chemotherapy 0.240 (0.106-0.547) 0.001 0.215 (0.092-0.502) <0.001
D175250 (MSI) 1494 (0.448-4.983) 0514 1.248 (0.372-4.186) 0.719
MSH2-15 (MSI) 7.701 (1.039-57.030) 0.043 11.240 (1.992-63.410) 0.006
pinch-5 (MSI) 0.426 (0.023-7.987) 0.569 - -
MCC-25 (MSI) - - 0.056 (0.002-1.628) 0.094
MCC-10 (MSI) 8.845 (0.610-128.268) 0.110 31.851(2.546-398.477) 0.007

The symbol (bold) represent the difference is statistically significant

a, degree of freedom was reduced because of constant or linearly dependent covariates. HR and p values were obtained from cox regression survival analysis

31.851, 95% CI 2.546-398.477, p=0.007) were inde-
pendent factor for PFS of CRC patients.

Association of the MSI/LOH profile with CRC clinical

features

Clinical features, such as TNM (tumor-node-metasta-
sis) stage and pathological type are usually important
prognostic factors for patients with colorectal cancer

[26]. Analysis of the association of the MSI/LOH profile
with CRC clinical features was performed in the train-
ing cohort (n=256) and was clarified in the validation
cohort (n=440). Here, we showed that the numbers
of patients with mucinous carcinoma who had MSI in
BAT25 (p=0.005), MSI/LOH in BAT26 (p=0.004) or
MSI-H in the B5 panel (p=0.012) were significantly
higher than those in adenocarcinoma (Additional file 1:
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Tables S5-S6). These results illustrated that, compared to
loci in tumor-related genes, the MSI/LOH of certain loci
or the whole panel of B5 cells had a closer relationship
to the pathological type of CRC. Next, we explored the
MSI/LOH profile and its association with other clinico-
pathological features. Although the MSI/LOH of several
loci was remarkably related to TNM stage, lymphatic
metastasis, infiltration depth, differentiation degree and
recurrence in the training group, they all failed to be con-
firmed in the validation group (Additional file 1: Tables
S§7-S14). With respect to the B5 panel, LOH-H patients
exhibited increased lymphatic metastasis compared to
LOH-L+non-LOH CRCs in both training (p=0.05)
and validation (p=0.04) sets (Additional file 1: Tables
$9-510).

Characteristics of MSI/LOH within tumor-related genes
Among MSI/LOH events, 46% MSI (100/217) and 56%
LOH (511/909) were found in tumor suppressor (TS)
genes. Specifically, we found that MSI frequency in TS
genes (1.50%, 100/26*256) and DNA repair (DNAR)
genes (1.50%, 23/6*256) was higher than in oncogenes
(1.25%, 64/20*256) and MMR (1.30%, 30/9*256), but
the difference was not statistically significant. However,
the LOH frequency in TS genes (7.68%, 511/26*256)
was remarkably higher than in DNAR genes (5.79%,
89/6*256), MMR (4.69%, 108/9*256) or oncogenes
(3.93%, 201/20*256) (p=0.011; p<0.001; p<0.001,
respectively). In addition, a significant difference in the
LOH frequency was detected between DNAR genes and
oncogenes (p =0.002) (Fig. 5A, B).

Regarding the location of MS in the tumor-related
genes, the MSI frequency within introns was 1.5%
(203/53 x 256), which was higher than in noncod-
ing (1.02%, 13/5x256) and exon (0.39%, 1/1 x 256)
regions, but they did not differ significantly from each
other (Fig. 5C). On the other hand, the LOH frequency
within 3'UTRs (7.03%, 36/2 x 256) and introns (6.31%,
856/53 x 256) was significantly higher than in noncoding
regions (1.33%, 17/5 x 256) (p<0.001; p<0.001, respec-
tively) (Fig. 5D). These results suggested that MSs were
rich in introns and were more prone to mutation than
other regions.

Most MSI (75.1%, 163/217) and LOH (63.3%, 575/909)
were characterized by dinucleotide repeats within tumor-
related genes. The frequency of MSI with dinucleotide
repeats (1.68%, 163/38 x 256) was remarkably higher
compared to tetranucleotide repeats (0.78%, 26/13 x 256)
(p<0.001) and showed distinct differences compared
to trinucleotide repeats as well (0.93%, 19/8 x 256)
(p=0.013) (Fig. 5E). The frequency of LOH with dinu-
cleotide repeats (5.91%, 575/38 x 256) was higher than in
tetranucleotide repeats (4.72%, 157/13 x 256) (p=0.010)
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but showed no significant difference from trinucleotide
repeats (5.27%, 108/8 x 256) (p=0.262) (Fig. 5F). These
data indicate that most MS loci were characterized by
dinucleotide repeats that were more prone to mutate
than other types of repeats.

To investigate the mutation patterns of tumor-related
genes in human CRCs, we divided mutations into two
patterns: MSI and LOH. Among 1126 mutation events,
the rates of MSI and LOH were 19.27% (n=217) and
80.73% (n=909), respectively (Additional file 4: Fig. S3A).
We found that LOH was the most common mutation
type in tumor-related genes (Additional file 4: Fig. S3B).
Of the 61 MS loci, we found mutations in 54 MS loci,
and most (40 loci) of them exhibited both MSI and LOH
patterns (Additional file 4: Fig. S3C). There were 11 loci
exhibiting the LOH pattern alone and 3 loci only show-
ing the MSI pattern. Statistical analysis indicated that
the MSI frequency was similar among the four types of
genes. MSI in TS genes (1.50%, 100/26 x 256) was similar
to that in DNAR genes (1.50%, 23/6 x 263), MMR genes
(1.30%, 30/9 x 263), and oncogenes (1.25%, 64/20 x 263).
However, the proportion of MSI in TS genes was much
lower than in oncogenes (p <0.01) (Additional file 4: Fig.
S3D). When focusing on the locations of MS, we found
that introns and noncoding regions harbored two muta-
tion types, while the 3'UTR only had LOH mutations,
and exons had MSI mutations. The proportion of LOH
patterns in introns represented 80.83% (856/1059) of all
mutation events. The proportions of MSI and LOH in
noncoding regions were similar (Additional file 4: Fig.
S3E).

We further analyzed mutation patterns based on the
number of repeat units, especially in introns, the types of
repeat units, and the length of repeat units. There was no
correlation among these subgroups (Additional file 5: Fig.
S4), indicating that mutation patterns were not affected
by repeat units.

Mutational profile of MS in human CRCs

Given that the B5 panel has been frequently applied
in clinical practice and that the MMR system is of piv-
otal importance for the occurrence of MSI, we analyzed
whether the MSI of tumor-related genes we studied was
relevant to the status of B5 or MMR. CRC samples were
divided into B5-MSI and B5-MSS or MMR-deficient
(MMR-d) and MMR-proficient (MMR-p) groups accord-
ing to their MSI status of B5 or MMR.

The data showed that the MSI frequency of 16 tumor-
related genes (84.2%, 16/19) we detected was significantly
higher in the B5-MSI group than in the B5-MSS group
(Additional file 1: Table S15). This result indicates that
the B5 panel is a high-efficiency criterion for assessing
the integral MSI status of the genome.
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Similarly, except for four MMR genes, MSH2, MLH]1,
MSH6 and PMS2, the MSI frequency of the majority
of tumor-related genes (80%, 12/15) we detected was
remarkably higher in MMR-d tumors than in MMR-p
tumors (Additional file 1: Table S16). This finding is in
accordance with the statement that the MMR system
plays a vital role in the occurrence of MSI.

The MSI/LOH spectrum in CRC patients

An increased number of mutations was detected in CRCs
[27], suggesting that the mutation spectrum in CRCs was
very complicated. In our study, 54.17% (26/48) of CRCs
harbored MSI events within one gene, while 6.25% (3/48)
harbored MSI events in two genes simultaneously. Of
48 MSI patients, the number of MSI events detected in
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each individual patient ranged from 1 (52.08%, 25/48) to
18 (2.08%, 1/48), with a mean value of 4.52 MSI events
(217/48) per individual (Additional file 1: Tables S17-18).
Furthermore, 22.22% (42/189) of CRCs harbored LOH
events within one gene, while 17.46% (33/189) harbored
LOH events in two genes. Among 189 LOH patients,
the number of LOH events detected in each individual
patient ranged from 1 (22.22%, 42/189) to 18 (0.53%,
1/189), with a mean value of 4.81 MSI events (909/189)
per individual (Additional file 1: Tables S19-20). These
results suggest a complicated spectrum of mutations in
CRC patients.

We further found that both the gene numbers and the
MSI loci numbers in non-adenocarcinoma patients were
higher than those in adenocarcinoma patients (p =0.002;
p=0.002, respectively) (Additional file 6: Fig. S5A-B).
Moreover, both MSI gene number and MSI locus number
in colon patients were higher than those in rectal patients
(p=0.006 and p=0.007, respectively) (Additional file 6:
Fig. S5C-D). However, no significant differences in the
gene number or the locus number were found between
different group of sex (Additional file 6: Fig. S5E-F) and
differentiated degree (Additional file 6: Fig. S5G-H).
These findings suggest that the MSI frequency of tumor-
related genes in colorectal cancer is associated with path-
ological type and tumor location.

Discussion

MSI is an important feature observed in many tumor
types, especially in sporadic CRC patients, with prognos-
tic and therapeutic value and has been used in the clinic
[11, 28]. It is associated with pathological characteristics
and cancer outcomes and is used to predict response to
adjuvant chemotherapy [29]. In addition, the evolution of
genetic instability in colon cancer may involve chromo-
somal instability (CIN), which may be accompanied by
a loss of heterozygosity (LOH). CIN-high CRCs showed
significantly poorer outcomes compared to CIN-low
CRC. Therefore, MSI and LOH status have been consid-
ered to be valuable and independent prognostic markers
in CRC patients [30]. Although risk scores based on clini-
cal and pathological parameters have been developed to
predict outcomes, the existing prognostic markers are
unlikely to be sufficient for clinical decisions and are not
interpreted well across institutions [31]. In our study,
as evaluated with the B5 panel, MSI and MSS patients
showed similar outcomes in 5-year OS and 5-year PFS
(Fig. 2G-L), and there were no differences between LOH
and non-LOH patients in 5-year OS or 5-year PES. This
result suggests that, occasionally, the MSI/LOH detected
by the B5 panel may not be a sufficient biomarker for pre-
dicting outcomes in Chinese CRC patients. Therefore, it
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is urgent to screen more practicable markers for colorec-
tal cancer.

Recently, Jun Yu et al. identified seven significantly
mutated genes in Asian CRC, a mutation signature that
predicted survival outcomes [27]. We hypothesize that
MSI/LOH in tumor-related genes may serve as comple-
mentary markers to predict the outcome of CRC. Impor-
tantly, several loci in the B5 panel and tumor-related
genes we detected showed remarkable prognostic value
for all CRC patients, as well as for stage II and stage III
CRC patients individually.

Although prediction of the chemotherapy response
by MSI remains controversial [12, 13], some studies
have shown that MSI CRCs are particularly responsive
to immunotherapy, such as anti-PD-1 blockade [32]. In
the present study, we found that patients with LOH in
BAT25 or MSI in MCC-10 did not benefit from adjuvant
chemotherapy (Table 1). Therefore, the MSI/LOH status
of these 2 loci may be useful, convenient, and applica-
ble for predicting the response to chemotherapy in CRC
patients.

Notably, MS loci that exhibited prognostic value were
located in the MCC, MSH2, Pinch5, Mgmt, MLHI1, APC,
BRAF and P21 genes, which were reported to be involved
in CRC progression [33, 34]. This study may also provide
a foundation for further investigation of the mechanisms
underlying the functional involvement of these MSI loci
in the development of CRC.

A strong correlation has been suggested between CRC
clinicopathological features and MSI status. For example,
the prevalence of CRC with microsatellites is different
among disease stages, with 15% in stages II and III, which
is more common in stage II [12]. MSI events may help
determine the degree of tumor malignancy. Moreover,
MSI tumors share similar histomorphology, regardless of
their respective pathogenesis, and frequently had a muci-
nous phenotype [35]. Uniformly, our data also revealed
a higher frequency of MSI in mucinous carcinoma com-
pared to adenocarcinoma in certain loci or the whole
panel of B5. In the present study, the MSI-H status of the
B5 panel was related to mucinous carcinoma (p=0.012).
Surprisingly, MSI of BAT25 or MSI/LOH of BAT26,
which belongs to the B5 panel, also showed a sensitive
correlation with mucinous carcinoma in both the train-
ing and validation sets of CRC. These results indicate that
patients with MSI in certain loci or the whole panel of B5
tend to develop mucinous carcinoma rather than adeno-
carcinoma. In addition, the result that LOH-H of the
B5 panel was related to increased lymphatic metastasis
indicated that, except for MSI-H, LOH-H status is also a
potential marker for CRC features.

For the MSI/LOH profile, the results showed that the
MSI mutation percentages of B5 were very high. These
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findings indicated that the B5 panel was meaningful for
the study of colorectal cancer. The LOH frequency of the
top 3 most frequent MS loci (TP53, APC-6 and Nup88-
3) in the tumor-related genes was similar to that of the
dinucleotide loci (D5S346 and D17S250) of B5. There-
fore, MS loci in tumor-related genes may play an impor-
tant role in the study of CRC.

In the present study, we generated MSI/LOH profiles in
19 tumor-related genes that were prone to alteration and
might be involved in CRC tumorigenesis and progres-
sion [36—40]. Selected as one hot locus in the BRAF gene,
BRAF-9 was the most frequent locus that was prone to
mutation in CRC patients (5.08%, 13/256), and TP53-1
was the most frequently mutated gene in CRC patients
(26.95%, 69/256). In our previous study, we examined MS
(TP53ALU) status in intron 1 and mutations in all exons
of the TP53 gene. Additionally, we studied the association
between TP53-exon mutation and TP53ALU alterations.
The prevalence of TP53-exon mutations was significantly
higher in TP53ALU-LOH tumors than in TP53ALU-
non-LOH tumors (p=0.003) (Additional file 7: Fig. S6),
suggesting that the TP53-exon is more likely to mutate
when the MS of TP53-intron is in the status of LOH.
However, no correlation was found between the TP53-
exon mutation and TP53ALU-MSI status (Additional
file 7: Fig. S6) (unpublished results). This finding indi-
cates that the LOH of MS in the TP53 intron seems to be
a sensitive marker for the mutation status of TP53 exons,
which always play a crucial role in CRC tumorigenesis.

In addition, our study showed that MS in TS genes was
more prone to mutation than MS located in MMR genes
or oncogenes, suggesting inactivation of tumor suppres-
sor genes in CRC, as demonstrated in previous reports
[41]. We also found a lower frequency of MSI events in
certain genes, such as MYC, MDM?2, BBC3, and KRAS.
Notably, there was a lower occurrence of MSI in KRAS
genes, which are often mutated in CRC. A larger cohort
of CRC patients may validate this phenomenon.

MSs are abundant in both noncoding and coding
regions in mammalian genomes [42]. MS mutations
occurring in coding regions, introns, or untranslated
regions may positively or negatively influence gene
expression or protein function by interrupting gene tran-
scription or splicing [43]. We observed that the MSI/
LOH frequency in introns was higher than in other loca-
tions. The prognostic and predicted panels of MSI/LOH
were primarily located in introns, suggesting that MSs in
introns may be prone to alter and relevant to the clinico-
pathological features of CRC. Moreover, we also found
one MSI event in exon 2 of MYC with (CAG); repeats,
and new alleles emerged (174/174 to 165/174). Although
only one MSI event was found in the exon of the MYC
gene in one sample, this MSI may play a pivotal role in
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CRC, as reported by Jason B et al. [44]. In addition, we
identified two loci with LOH in the 3’'UTR of the MDM?2
gene. Mutations within the 3'UTR might contribute to
alterations in the recognition sites of microRNAs or
RNA-binding proteins, affecting gene expression. Impor-
tantly, 88.46% (69/78) of mutation events at TP53-1
(AAAAT)g; were LOH, which may be a key event in the
pathogenesis of CRC involved in the “second hit” (muta-
tion and subsequent LOH) process [28].

The MSI status of the B5 panel and the expression of
MMR genes are frequently-used criteria to determine
the MSI status of CRC. In the present study, the MSI fre-
quency of tumor-related genes, except BBC3 and MYC,
was higher in B5-MSI tumors than in B5-MSS tumors,
suggesting that the B5 panel is a powerful tool for defin-
ing the MSI status of CRC. Similarly, the MSI frequency
of 80% of the tumor-related genes we detected was signif-
icantly higher in MMR-MSI tumors than in MMR-MSS
tumors. These results are in agreement with a previous
report that higher mutation loads were frequently found
in tumors with mismatch repair deficiency [5].

There are several limitations in our study. As a retro-
spective study, drawing more convincing conclusions was
unavoidably limited. Due to the restrictions of medical
records and short follow-up time, we insufficiently col-
lected data regarding the treatment and survival infor-
mation from the patients we recruited in this study.
Moreover, to identify potential risk factors for the progno-
sis of CRC patients, multivariate Cox regression analyses
were conducted. These analyses showed that tumor recur-
rence was a significant risk factor for the prognosis of
CRC patients (RR 9.379, 95% CI 4.522-19.453, p<0.001).
In the experimental group, several loci were related to
recurrence. However, the validation group did not con-
firm these loci. In addition, the 61 MS loci we selected
from 19 genes were predetermined based on the PCR
amplification efficacy, and not all MS loci in these tumor-
related genes were included; thus, other important loci in
these genes are potentially missing from our findings.

Conclusions

Herein, we described the MSI/LOH profile of 19 tumor-
related genes and performed analysis to identify their
clinical correlations and significance. Most impor-
tantly, we found several prognostic loci in the B5 panel
and tumor-related genes that predicted the response to
chemotherapy in Chinese CRC patients. Two MSI/LOH
loci were associated with the pathological type of CRC.
Our study offers a landscape of MS in the 19 tumor-
related genes in Chinese CRC patients and provides sig-
nificant implications for clinical application.
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Additional file 2: Fig. S1. Exemplary images of MSI and LOH for two loci.
(A) Image of MSI for BAT-25 loci. (B) Image of LOH for TP53-1 loci.

Additional file 3: Fig. S2. The mutation profile of B5 loci and some
sensitive loci in tumor-related genes. The number in the column label
represents the patient ID.

Additional file 4: Fig. S3. The results of analysis on mutation patterns. (A)
Distribution of mutation patterns calculated by the number of mutation
loci with MSI or LOH divided by the number of total 1126 mutation events.
(B) Distribution of mutation patterns in each of 18 tumor-related genes, as
calculated following the format of frequency=(the number of mutation
loci with the indicated pattern in the indicated gene)/(the number of total
loci at the indicated gene x total 256 tumor samples). (C) The mutation
patterns of 54 loci calculated by division of the number of MSI events or
LOH on each of the indicated loci by the total 256 tumor samples. (D) The
mutation patterns within TS, DNAR, MMR and oncogene gene groups, as
calculated by (the number of mutation loci with MSI or LOH in each type
of gene)/(total loci in each type of genex 256 tumor samples). (E) The
mutation patterns in 4 kinds of locations calculated by the format of (the
number of mutation loci with MSI or LOH in each location)/(the number
of total loci in the indicated location x 256 tumor samples).

Additional file 5: Fig. S4. The mutation patterns according to the repeat
units, number of repeat units, and length of repeats. (A-C) The muta-

tion patterns of 35, 6, and 12 loci with dinucleotide, tetranucleotide, and
trinucleotide repeats, respectively. (D) The chart shows the mutation
patterns with different repeat units, including dinucleotide, trinucleo-
tide, and tetranucleotide repeats. The mutation patterns of 53 loci were
analyzed according to the number of repeat units. (E) The patterns of

53 loci were analyzed according to the number of repeat units. (F) The
patterns of 53 loci were analyzed according to the length of repeat units
(repeat unit *number of repeat units). (G) The mutation patterns were ana-
lyzed according to the number of repeat units underlying dinucleotide,
tetranucleotide, and trinucleotide repeats. (H) The mutation patterns were
analyzed according to the number of repeat units underlying dinucleo-
tide, tetranucleotide, and trinucleotide repeats in the introns, which is the
most common location in our MS.

Additional file 6: Fig. S5. The mutation spectrum in CRC patients. (A-B)
The distribution of the number of tumor-related genes with MSI and the
number of MSI loci in adenocarcinoma and non-adenocarcinoma patients
showed significant differences. A total of 193 adenocarcinomas and 40
non-adenocarcinomas were analyzed. (C-D) The number of tumor-related
genes with MSI and the number of MSI loci in patients with colon or rectal
tumors. A total of 140 colon tumors and 116 rectal tumors were analyzed.
(E-F) The number of tumor-related genes with MSI and the number of

MSI loci in male or female tumors. A total of 254 tumors were analyzed,
and two tumors without information were excluded. (G-H) The number

of tumor-related genes with MSI and the number of MSI loci in tumors
with poor or good differentiation. The dots of each graph were on behalf
of CRC tumors. The Mann-Whitney U test was used to analyze differences.
*p<0.05; **p<0.01.

Additional file 7: Fig. S6. The relationship between the MSI/LOH profile
of TP53ALU and TP53-exon mutations.
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