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ARTICLE INFO ABSTRACT

Background: The genetic alterations (GAs) in two specific histological subtypes of colorectal cancer (CRC), signet
ring cell colorectal carcinoma (SRC) and mucinous colorectal carcinoma (MC), are not well known. In the
present study, we employed next-generation sequencing to perform genetic profiling of SRC and MC, and
compared the spectrum of GAs with the alterations found in conventional type colorectal cancer (CON).
Materials and methods: We selected 46 CRCs comprising 17 SRCs and mucinous carcinoma with signet ring cell
component (SRCCs), 17 MCs, and 12 CONs with microsatellite stability or microsatellite instability-low. Deep
sequencing was performed using a targeted cancer panel composed of 171 cancer-related genes. SMAD4 protein
expression was evaluated by immunohistochemical staining.

Results: We detected 108 mutations in 18 different genes. Overall, 2.34 GAs were detected per tumor (range,
0-14). The overall frequency of GA and alteration in targetable genes was less prevalent in SRC/SRCC compared
to the frequency of alteration in MC/CON (p = 0.040 and p < 0.001, respectively). The GA profile of SRC/SRCC
included TP53 (8/17, 47.1%), SMAD4 (5/17, 29.4%), KRAS (4/17.23.5%), APC (4/17.23.5%), PIK3CA, ATM,
BRAF, and PIK3R1 (1/17, 5.9%, each). KRAS mutation was significantly less prevalent in SRC/SRCC compared
to the number of KRAS mutations in MC (12/17, 70.6%) and CON (9/12, 75.0%) (p = 0.015 and 0.01, re-
spectively). Compared to the 152 non-hypermutated CONs from TCGA database, SMAD4 alteration was pre-
dominant in SRC/SRCC (p = 0.045) with aberrant loss of SMAD4 expression (13/17, 76.5%) compared to the
SMAD4 alterations in CON (5/15, 33.3%) (p = 0.031). Accordingly, KRAS (12/17, 70.6%), APC (6/17, 35.3%),
SMAD4, TP53 (4/17, 23.5%, each), PIK3CA (3/17, 17.6%), AKT1, ATM, BRAF, EGFR, and EZH2 (1/17, 5.9%,
each) were altered in MC. APC and TP53 mutations were less frequent in MC compared to those in TCGA-CON
(p < 0.001 and 0.003, respectively) whereas KRAS mutation was prevalent (p = 0.041).

Conclusion: Alterations of known cancer associated genes and targetable genes in SRC/SRCC are infrequent. The
profile of GAs in SRC/SRCC and MC differs from the GA profile of CON. Specifically, SMAD4 mutation and loss of
SMAD4 expression is frequently found in SRC/SRCC. The genetic profiles revealed in the present study may aid
in developing precision medicine for CRC treatment based on histological subtype.
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1. Introduction

Signet ring cell colorectal carcinoma (SRC) is a type of adeno-
carcinoma with prominent intracellular mucus secretion. The tumor is
histologically distinguished by cells with abundant intracytoplasmic
mucin, which compels the nuclei aside. The cells may be arranged in-
dependently or in loose clusters and may spread diffusely throughout
the bowel wall [1]. More than 96% of signet ring cell type cancers have

been diagnosed in the stomach; however, signet ring cell carcinoma is a
rare subtype of colorectal malignancy reported in 0.1%-2.4% of pa-
tients [2-7]. SRC shows aggressive behavior such as peritoneal seeding
and has been associated with poor prognosis [2-9]. Thus, signet ring
cell carcinoma is a rare, and highly malignant type of colorectal car-
cinoma (CRC). Additionally, mucinous carcinoma is characterized by
abundant extracellular mucin production by tumor cells, which are
distinguished to have 50% or more of the mucinous component. MCs
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account for 8%-10% of colon carcinomas and 33% of rectal cancers
[10]. In principle, mucinous carcinoma is reported to show aggressive
behavior and has been associated with poor prognosis in patients
[11-13], and microsatellite instability (MSI) influences the overall
survival of patients with MC. Patients with mucinous type CRC and high
level of MSI (MSI-H) are reported to have better prognosis than patients
with non-mucinous type CRC and MSI-H; however, patients with mu-
cinous CRC and microsatellite stable (MSS) show worse prognosis
compared to patients with non-mucinous CRC and MSS. Signet ring and
mucinous patterns are more prevalent in MSI-H-related carcinomas
compared to those in MSS-related carcinomas [14-17]. However, other
genetic alterations (GAs) in signet ring cell carcinoma or mucinous
carcinoma are not yet well known.

GA may determine the phenotype of cancer and may thus be re-
sponsible for the biological and clinical heterogeneity corresponding to
phenotype. Moreover, new therapies are often designed to target spe-
cific GA. In the present study, we aimed to identify the GA profile of
signet ring cell carcinoma and mucinous carcinoma, the two distinct
histological subtypes of CRC. As the MSI state of CRC profoundly alters
the genetic profile and its clinical features, we specifically focused on
MSS or low-level microsatellite instability (MSI-L) tumors. We per-
formed next-generation sequencing to study the genetic profile of SRC
and MC, and compared the spectrum of GA in SRC and mucinous car-
cinoma to the genetic profile of a conventional type CRC (CON).

2. Materials and methods
2.1. Samples

We queried the pathology database to identify all cases of CRC that
were reported as signet ring cell or mucinous type between 2003 and
2012 at Seoul National University Bundang Hospital. From a total of
220 cases, including 51 SRC and 169 mucinous carcinoma cases, 31
MSI-H CRC and 152 cases with unknown MSI state were excluded and
37 cases were eventually submitted for slide review. All tissue slides of
the selected cases were confirmed by a pathologist for their histological
subtype. The signet ring cells and mucinous portion of each case were
documented in terms of percentage. If the CRC tissue sample had 50%
or more of signet ring cells, it was confirmed to be a SRC whereas that
with 50% or more of extracellular mucin was considered as mucinous
carcinoma; therefore, 12 cases were classified as SRC, and 25 cases as
mucinous carcinoma. Signet ring cell component was macro-dissected
for DNA extraction from 12 SRCs. Some mucinous carcinomas were
found to have significant signet ring cells and we dissected the signet
ring cell area from these 5 mucinous carcinomas with signet ring cell
component (SRCC), having 20% to 50% of signet ring cells. Further,
The 20 remaining mucinous carcinomas were defined as pure mucinous
colorectal carcinoma (MC) and the mucinous component was chosen
for DNA extraction. Twelve CON with MSS or MSI-L were also selected
as controls. Representative histological images are shown in
Supplementary Fig. 1. This study was approved by the Institutional
Review Board for Research Using Human Subjects at the Seoul National
University Bundang Hospital (Institutional Review Board No. B-1606-
351-301).

2.2. Assessment of microsatellite instability

Among the 220 CRC cases reported as signet ring cell or mucinous
type by pathology, MSI testing was performed on 68 cases for clinical
purposes. The MSI state was evaluated by fragmentation assay analysis
using an automated DNA sequencer (ABI 3731 Genetic Analyzer;
Applied Biosystems, Foster City, CA, USA) by analyzing 2 mono-
nucleotide repeats BAT-25 and BAT-26, and 3 dinucleotide repeats
D5S346, D17S250, and D2S123, as recommended by the National
Cancer Institute. According to a standardized definition, MSI-H was
defined as at least 2 of the 5 markers showing MSI, and MSI-L was
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defined as 1 of the 5 markers showing MSI. Tumors without MSI were
classified as MSS [18].

2.3. Genomic DNA extraction

The blocks with the highest percentage of tumor cells showing
specific characteristics such as signet ring cell component for SRC or
SRCC and mucinous component for MC were selected on reviewing the
hematoxylin and eosin-stained slides and the representative areas were
macroscopically circled on the slides. Four slices of 200 um thickness
were sectioned from each of the formalin-fixed paraffin-embedded
tissue (FFPE) blocks and mounted on glass slides. The sections were
dissected using a scalpel by correlating with the marks on the hema-
toxylin and eosin-stained slides, and collected in a micro-tube. DNA was
extracted using the QIAamp DNA FFPE Tissue Kit (Qiagen, Valencia,
CA, USA) according to the manufacturer’s instructions. The quality and
quantity of FFPE extracted DNA were assessed using agarose gel elec-
trophoresis (1%) and Qubit dsDNA HS Assay Kit with Qubit 2.0 fluo-
rometer (Life Technologies, Carlsbad, CA, USA) following the manu-
facturer’s instructions.

2.4. Deep sequencing using a targeted cancer panel

FFPE DNA was sheared into fragments with a mean peak size of
approximately 180 bp to 200 bp using Adaptive Focused Acoustics
(Covaris, Woburn, MA, USA). A library was constructed using the
SureSelectXT protocol (Agilent Technologies, Santa Clara, CA, USA)
with Axen Cancer Panel 2 (Macrogen, Seoul, Korea) comprising 171
cancer-related genes. The complete list of genes that were analyzed is
shown in Supplementary Fig. 2. The quality of DNA was evaluated
using the 2100 Bioanalyzer (Agilent Technologies, San Francisco, CA,
USA). The libraries were then quantified using a Qubit dsDNA HS Assay
Kit and Qubit 2.0 fluorometer (Life Technologies, Carlsbad, CA, USA).
The libraries were paired-end sequenced (2 X 150 bp) on a NextSeq
500 system (Illumina, San Diego, CA, USA) with high-throughput using
sequencing by synthesis technology to a depth coverage of approxi-
mately 2000 x .

2.5. Variant detection

The sequence reads were trimmed using Cutadapt before mapping
on the reference genome (GRCh37/hgl9). The trimmed reads were
aligned using Burrows-Wheeler transform (BWA)-MEM and poorly
mapped reads were removed using SAMtools (v1.3.1). Duplicate reads
were identified and recalibration was performed using Picard
MarkDuplicates and GATK BaseRecalibrator, respectively. Somatic
mutations such as single nucleotide variants and small insertions and
deletions were identified using MuTect2. To discard false positive
variants, the oxoG artifacts [19], low variant allele frequency (< 2%),
and low depth (< 100 x ) were excluded from the data. These limits of
detection were determined based on in-house validation data using
dilutions of HD701 and HD753 reference samples of Horizon with
NA12878. All variants of two samples were detected at the level of 2%
allele frequency and a 100 X depth of coverage. Sensitivity and speci-
ficity were tested using 75 positive variants and 174 negative variants
from 78 positive clinical samples. These were validated at the level of
100% sensitivity and specificity. Based on these results, the Axen cancer
panel was certified as a comprehensive cancer panel service (5-1 and 5-
2) by Korea Ministry of Food and Drug Safety. In addition, cytosine
deamination artifacts were also excluded where C:G > T:A variants
were detected on CpG dinucleotides and their frequency was less than
5%. Finally, germline variants were removed if the minor allele fre-
quency was = 5% in EXAC_EAS or if the minor allele frequency was
=5% in the Macrogen Korean Population Database. All the remaining
variants were annotated using SnpEff and SnpSift (v4.2i) with dbNSFP
(v2.9.3), and clinical significance was analyzed using ClinVar database.
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Table 1
Clinicopathological features of 49 patients with colorectal carcinoma.
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Case Sex Age Location pT PN Stage SRC component (%) Mucinous component (%) MSI state K-ras mutation
SRCO1 F 28 Descending 4b 2b 3c 100 > 50 MSS Not done
SRC02 M 71 Ascending 3 2b 3c 80 > 50 MSS Not done
SRCO03 M 33 Transverse 4a 2b 3c 100 > 50 MSI-L Not done
SRC04 F 78 Sigmoid 4a 2b 3c 100 0 MSS Not done
SRCO5 M 20 Transverse 4a la 3b 95 > 50 MSS Negative
SRC06 M 78 Cecum 3 2b 3c 95 20 MSS Not done
SRC07 M 60 Rectum 3 2b 3c 60 10 MSS Negative
SRC08 M 54 Descending 4a 2b 3c 90 > 50 MSI-L Not done
SRC09 M 21 Rectosigmoid 4a 2b 3c 70 > 50 MSS Negative
SRC10 M 54 Descending 3 2b 3c 80 > 50 MSS Not done
SRC11 M 45 Rectosigmoid 3 2b 3c 80 > 50 MSI-L Not done
SRC12 M 72 Rectum 3 2b 3c 100 > 50 MSS Not done
SRCCO1 M 43 Rectosigmoid 3 2a 3b 30 > 50 MSS Not done
SRCCO2 M 24 Transverse 3 2b 3c 30 > 50 MSS Negative
SRCCO03 M 74 Hepatic flexure 4a 2b 3c 20 > 50 MSS Negative
SRCC04 F 78 Descending 3 1b 3b 20 > 50 MSS Not done
SRCCO5 M 70 Rectum 4b 0 2c 30 > 50 MSS Not done
MCO03 F 39 Sigmoid 3 0 2a 0 > 50 MSS Not done
MC04 M 76 Sigmoid 4a 0 2b 0 > 50 MSS Not done
MCO05 F 58 Ascending 3 2b 3c 0 > 50 MSS Not done
MCO06 F 45 Rectum 3 la 3b 0 > 50 MSS Not done
MCO08 M 60 Rectum 4b 0 2c 0 > 50 MSS Not done
MCO09 F 71 Transverse 4a 2b 3c 0 > 50 MSS Not done
MC10 M 63 Rectum 4a 2a 3c 0 > 50 MSS Not done
MC11 F 69 Rectum 3 la 3b 5 > 50 MSS Not done
MC12 F 53 Descending 3 0 2a 0 > 50 MSS Not done
MC13 M 56 Sigmoid 4b la 3c 3 > 50 MSS Not done
MC14 M 63 Rectum 3 2b 3c 0 > 50 MSS Not done
MC15 F 37 Sigmoid 3 1b 3b 0 > 50 MSS Not done
MC16 F 73 Sigmoid 2 0 1 5 > 50 MSS Not done
MC17 F 71 Ascending 4b 0 2c 0 > 50 MSS Not done
MC18 M 84 Rectosigmoid 3 1b 3b 0 > 50 MSS Not done
MC19 M 49 Rectosigmoid 4a la 3b 0 > 50 MSS Not done
MC20 M 84 Rectum 3 0 2a 0 > 50 MSS Not done
CONO1 F 56 Sigmoid 4b 0 2¢ 0 0 MSS Not done
CONO02 F 44 Transverse 4b 2a 3c 0 0 MSS Not done
CONO3 M 63 Sigmoid 4a 0 2b 0 0 MSS Negative
CONO04 F 47 Rectum 4b 1b 3c 0 0 MSS Not done
CONO5 M 78 Rectum 4a 2b 3c 0 0 MSS Not done
CONO06 F 77 Sigmoid 3 2b 3c 0 0 MSI-L Not done
CONO07 M 82 Descending 4a 1b 3b 0 0 MSS Not done
CONO08 M 69 Rectum 3 2a 3b 0 0 MSS Positive
CONO09 F 75 Rectosigmoid 3 2b 3c 0 0 MSS Not done
CON10 M 78 Ascending 3 0 2a 0 0 MSS Not done
CONI11 M 74 Sigmoid 3 2a 3b 0 0 MSS Not done
CON12 M 77 Rectosigmoid 3 2b 3c 0 0 MSS Not done

Abbrevation: F, female; M, male; SRC, signet ring cell; MSI, microsatellite instability; MSS, microsatellite stable; MSI-L, microsatellite, low; MSI-H, microsatellite,

high.

Variant calling was performed only in regions targeted by the cancer
panel. Fusion genes were identified using an in-house script that dis-
criminates plausible gene fusion events from structural variations as
predicted by LUMPY. Copy number variations were identified by an in-
house script calculating the depth for each targeted region by dividing
the read depth per exon to the estimated normal reads per exon using
an in-house reference. The biases of each normalized values were re-
duced by singular value decomposition.

2.6. Immunohistochemistry

Immunohistochemical staining was performed using a BenchMark
XT automated immunostaining system (Ventana Medical System,
Tucson, AZ, USA) for SMAD4 staining. After reviewing the slides, sui-
table paraffin tissue blocks were selected. For the SRC/SRCC group,
blocks with the signet ring cell component were chosen whereas for the
MC group, blocks with a mucinous component were chosen. Four mi-
crometer thick sections were cut from each of the paraffin tissue blocks,
and were mounted on positively charged slides. Subsequent to epitope
retrieval at 100 °C for 24 min in cell conditioning buffer (pH 8.4) in the

autostainer, endogenous peroxidase activity was blocked by immersing
the slides in a 3% hydrogen peroxidase solution for 4 min at 37 °C. The
samples were incubated with SMAD4 primary antibody (Catalog No.
ab40759; clone Ep618Y; rabbit monoclonal; Abcam; 1:600 dilution) at
37 °C, for 16 min and then incubated with a mixture of horseradish
peroxidase-labeled antibodies composed of goat anti-rabbit antibody
and goat anti-mouse antibody included in the UltraView Universal DAB
kit (cat. no. 760-500; Ventana Medical Systems, Inc.) for 8 min at 37 °C.
Following treatment with 0.04% hydrogen peroxide in a phosphate
buffer solution and DAB chromogen containing 0.2% 3,3’-diamino-
benzidine tetrahydrochloride at 37 °C for 8 min, samples were treated
with copper sulfate (5 pg/1) at 36 °C for 4 min (all agents used in these
processes were included in the UltraView Universal DAB kit; cat. no.
760-500; Ventana Medical Systems, Inc.). Slides were counterstained
with 0.5% modified Mayer’s hematoxylin at 37 °C for 8 min and then
post-counterstained with Bluing reagent at 37 °C for 4 min. Normal
mucosa, stromal cells, and lymphocytes were used as internal controls.
SMAD4 was stained in the nucleus and cytoplasm, simultaneously. As
per the previously described scoring system [20,21], when more than
5% of tumor cells were positively stained in the nucleus, the case was
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considered positive.
2.7. Statistical analysis

We compared the frequency of GA between the histological sub-
types and with The Cancer Genome Atlas (TCGA)-CRC database. The
GAs between the groups were compared using Man-Whitney U test,
Kruskal-Wallis test or Fisher’s exact test using R (http://www.r-project.
org/) tool and the SPSS (v21.0) software package (SPSS, Chicago, IL.
USA). p < 0.05 was considered statistically significant.

3. Results
3.1. Patient characteristics

Among 49 cases including 12 SRCs, 5 SRCCs, 20 MCs, and 12 CON
cases, 3 MC cases failed library construction; therefore, 46 cases were
finally submitted for deep sequencing. From the 12 SRCs, 9 cases
showed more than 50% of mucinous component and 3 cases showed
MSI-L. Six cases of SRC were located on the left side, 4 cases on the right
side of the colon, and 2 cases were on the rectum. The patients’ median
age was 54 years (range, 20-78 years). The signet ring cell component
of SRCC was observed to be 20%-30%. All SRCC cases showed MSS.
Two SRCCs were located on the left side, 2 on the right side of the
colon, and 1 was on the rectum. All MCs showed MSS. From the total
number of MC cases, 3 MCs had a minor signet ring cell carcinoma
component (5% or less). Eight cases were located on the left side, 3
cases on the right side, and 6 cases were on the rectum. The median age
of patients with MC was 65.5 years (range, 37-84 years). From the 12
CONs, 2 cases were located on the right side, 3 cases were on the
rectum, and 7 cases were on the left side. The median age of CON cases
was 74.5 years (range 44-82 years). All CONs were MSS except for 1
case, which was diagnosed as MSI-L. The detailed clinicopathological
features of 49 patients included in the study cohort are illustrated in
Table 1.

3.2. Genomic alterations in colorectal carcinoma with signet ring cell and/
mucinous component

Massive parallel sequencing revealed 46 CRCs with 108 mutations
in 18 different genes. Overall, 2.34 GAs per tumor were detected
(range, 0-14). The mean ratio of GAs in SRC, SRCC, and MC showed no
statistical difference (SRC vs. SRCC; p = 0.383, SRC vs. MC; p = 0.067,
SRCC vs. MC; p = 0.544 by Man-Whitney U test). However, the mean
ratio of GAs in SRCC/SRC was significantly lower than the mean ratio
of GAs in CON/MC (mean GA: SRCC/SRC = 1.63, CON/MC = 2.79;
p = 0.040) (Supplementary Fig. 3A). On excluding MC13, an outlier
with remarkably high frequency of GA (N = 14), the mean frequency of
GA was 2.09 and a decreasing order was observed with CON (mean
frequency = 2.6), MC (mean frequency = 2.25), and SRCC/SRC (mean
frequency = 1.59) (p = 0.107).

The most common alteration in SRC/SRCC was point mutation in
Tumor protein 53 gene (TP53) (6 missense mutation and 2 nonsense
mutation, 8/17, 47.1%) and the second common alteration was mis-
sense mutation in SMAD family member 4 (SMAD4) (5/17, 29.4%).
These two genes showed higher frequency of alterations in SRC/SRCC
compared to their GA frequency in MC and CON. Mutation in the KRAS
proto-oncogene, GTPase (KRAS) (all missense mutation), and
Adenomatous polyposis coli (APC) (all nonsense mutation), each was
found in 4 cases of SRC/SRCC (for each gene: 4/17, 23.5%). Missense
mutation of phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic
subunit alpha (PIK3CA), ATM serine/threonine kinase (ATM), B-Raf
proto-oncogene, serine/threonine kinase (BRAF), and PIK3 regulatory
subunit 1 (PIK3R1) was found in 1 SRC/SRCC case each (for each gene:
1/17, 5.9%). KRAS mutation in SRC/SRCC (4/17, 23.5%) was less
prevalent compared to its mutation in MC (12/17, 70.6%) and CON (9/
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12, 75.0%). The differences between histological groups were found to
be statistically significant (p = 0.015 and 0.01, respectively).

Missense mutation in the KRAS gene was revealed to be the most
common GA in MCs (12/17, 70.6%). We detected APC mutation in 6
MC cases (6/17, 35.3%). Missense mutation in SMAD4 and TP53 was
observed in 4 MC cases (for each gene: 4/17, 23.5%), whereas missense
mutation of PIK3CA was found in 3 MC cases (3/17, 17.6%). Missense
mutation of AKT1, ATM, BRAF, EGFR, and EZH2 was found in 1 case
each (for each gene: 1/17, 5.9%) and nonsense mutation of MSH2,
MSH6, and NF1 was detected in 1 case each (for each gene: 1/17,
5.9%). BRCA2, PTEN, and PTK3R1 each were found to be mutated in 1
case (for each gene: 1/17, 5.9%) and were all revealed to be frameshift
mutations.

Like MC, mutations in KRAS (9/12, 75.0%) and APC (7/12, 58.3%)
were the most frequent and the second common mutation observed in
CON. Five CON cases showed alteration in TP53 (5/12, 41.7%) in-
cluding 2 nonsense mutations, 1 splice site mutation, and 2 missense
mutations. Missense mutation in PIK3A and F-Box And WD repeat do-
main containing 7 (FBXW7) was independently observed in 3 CON
cases (for each gene: 3/12, 25%). FBXW7 was only found to be mutated
in CON cases whereas none of the SRC/SRCC or MC showed FBXW7
mutation, thereby showing marginal intergroup differences between
the groups (SRC/SRCC vs. CON, p = 0.06; MC vs. CON, p = 0.067).
SMAD4 and cyclin dependent kinase inhibitor 2A (CDKN2A) were ob-
served to be individually mutated in 1 CON case (for each gene: mis-
sense mutation, 1/12, 8.3%).

When comparing GAs between SRC, SRCC, and MC, KRAS mutation
was less in SRC (3/12, 25%) and in SRCC (1/5, 20%) than in MC (12/
17, 70.6%). The difference was statistically significant between SRC
and MC (p = 0.025), whereas a statistical difference was not found
between SRCC and MC (p = 0.116). The frequencies of other genes
showed no statistical difference between SRC, SRCC, and MC. We also
subclassified SRC/SRCC based on mucin contents. Three cases were
classified as low mucin content (0-20%) and 14 cases as high mucin
content (> 50%); however, we found no statistical difference in GA
according to the mucin contents (data not shown).

An oncoprint showing genes mutated in each group is illustrated in
Fig. 1 and the comparison of their GA frequency is shown in Fig. 2.
Detailed lists of the observed GAs in each group are illustrated in
Supplementary Tables 1-3.

3.3. Potentially targetable alterations in colorectal carcinoma with signet
ring cell and/ mucinous component

The Axen cancer panel T2 included 21 genes (Supplementary
Fig. 2B) that are potentially targetable. Thus, their altered product can
be targeted either using agents that are already approved by the US
Food and Drug Administration for other indications or are currently
undergoing clinical trials. Potentially targetable GAs were identified in
30 cases (30/47, 63.8%) of the total samples. KRAS was evaluated as
the most prevalently altered gene among the other potentially targe-
table genes investigated in this study. Point mutation in PIK3CA, EGFR,
and BRAF, and deletion in phosphatase and tensin homolog (PTEN)
were also observed in the study. The mean frequencies of alterations in
targetable genes of CON and MC were 1 and 1.1 per case, and 0.35 per
SRC/SRCC case, respectively. The statistical difference between groups
was found to be significant by Kruskal-Wallis test (p = 0.006). The
difference in the ratio of CON/MC (mean = 1) and SRCC/SRC
(mean = 0.35), was found to be statistically significant (p < 0.001)
(Supplementary Fig. 3B). An oncoprint showing genes mutated in each
group is shown in Supplementary Fig. 4.

3.4. Comparison of genetic alterations with TCGA colorectal cancer
database

We compared the GAs in SRC/SRCC and MC with the GA profile
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Fig. 1. Oncoprint showing mutated genes. Each column denotes an individual tumor and each row represents a gene. Colors indicate the type of genetic alteration as

indicated in the legend below the oncoprint.

reported in TCGA-CRC. As our CRC cohort consisted of MSS or MSI-L
cases, we sorted out the non-hypermutated cases with the conventional
histological subtypes from the available CRC cases in the TCGA dataset.
Consequently, 152 non-hypermutated TCGA-CRC cases with conven-
tional type colorectal carcinoma (TCGA-CON) were used for compara-
tive analysis. Alteration in SMAD4 was found to be more prevalent in
SRC/SRCC (5/17,29.4%) compared to the SMAD4 alterations in TCGA-
CON (18/152, 11.8%) (p = 0.045). APC mutation was found to be less
common in SRC/SRCC (4/17 23.5%) compared to that in TCGA-CON
(118/152, 77.6%) (p < 0.001) (Fig. 3A). The frequency of APC mu-
tation was less in MC (6/17, 35.3%) compared to its mutation

frequency in TCGA-CON (118/152, 77.6%) (p = 0.001) and overall,
TP53 mutation was found to be less common (MC; 4/17, 23.5% vs.
TCGA-CON; 96/152, 63.2%) (p = 0.003). However, KRAS mutation
was highly prevalent in MC (12/17, 70.6%) compared to the corre-
sponding mutations in TCGA-CON (66/152, 43.4%) (p = 0.041)
(Fig. 3B).

3.5. Immunohistochemical expression of SMAD4 in colorectal carcinoma
based on histological subtype

Mutation in SMAD4 was the second most common alteration in
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Fig. 2. Comparative analysis of the frequencies of genetic alterations based on the histological subtype of colorectal cancer (*p < 0.05).
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Fig. 3. (A) Comparative analysis of the frequencies of genetic alterations in SRC/SRCC and TCGA-CON. (A) Comparative analysis of the frequencies of genetic

alterations in MC and TCGA-CON (*p < 0.05).

Fig. 4. Representative immunohistochemical images of SMAD4 staining. (A) Negative staining in SRC, (B) Positive staining in MC, and (C) Positive staining in CON

(Original magnification X 200).

SRC/SRCC and was found to be frequent in SRC/SRCC compared to
TCGA-CON. Thus, we investigated whether the protein expression level
of SMAD4 in SRC/SRCC also differed from its protein expression in CRC
of other histological subtypes. We performed immunohistochemical
staining for SMAD4 in 50 CRC cases including 17 SRC/SRCCs, 18 MCs,
and 15 CONSs. Representative immunohistochemical images for SMAD4
staining are shown in Fig. 4. SMAD4 expression was found to be 23.5%
(4/17), 55.6% (8/18), and 66.7% (10/15) in SRC/SRCC, MC, and CON,
respectively. A statistically significant difference was found between
the expression levels of SMAD4 in SRC/SRCC and CON (p = 0.031)
(Supplementary Fig. 5). SMAD4 expression and SMAD4 gene mutation
showed no statistical association (p = 0.172). Relationships between
histologic subtypes and clinicopathologic parameters are presented in
Supplementary Table 4.

4. Discussion

With the development of high-throughput screening and systematic
analysis, varied efforts for the stratification of CRC based on genetic and
molecular characteristics have been accomplished. Tumor mutation
burden/MSI state is an important and primary criterion in such classi-
fications. The MSI-H group has been known to be associated with
specific histological subtypes such as signet ring cell or mucinous his-
tology [8,14,22,23]. Approximately one-third of CRCs with signet ring
cell type have MSI-H [8,22], whereas the overall frequency of MSI-H
observed in CRC is known to be only 15%. Other molecular alterations
related to the MSI state including BRAF mutation and MutL homolog 1
(MLH1) loss of function have also been reported to have signet ring cell
or mucinous histology [23]. For example, Yalcin et al. recently reported
that BRAF mutation must be closely associated with the presence of
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signet ring cells [24]. However, GAs of the remaining two-thirds of
signet ring cell type CRC that do not belong to the MSI-H group are
largely unknown,; the same is true for the mucinous type CRC. Recently,
although consensus molecular subtypes classify CRC with MSS or non-
hypermutated state [25], GA based on histological subtype is not in-
cluded in this classification. In the present study, we aimed to define GA
events in specific histological subtypes, i.e., signet ring cell or mucinous
type CRC with MSS or MSI-L, and to compare their spectrum of GAs
with the alterations detected in CON cases from our hospital. We also
analyzed them using the TCGA data.

Using a deep targeted sequencing method and cancer gene panel,
we found that the overall frequency of alteration in known cancer-re-
lated genes of the SRC/SRCC group was significantly less compared to
the alterations of the same genes in the MC or CON group. Recently, the
Asian Cancer Research Group has described 4 molecular subtypes of
gastric cancer using gene expression data [26]. Among these, MSS/
epithelial to mesenchymal transition group is included as a gastric
cancer of diffuse type with the worst prognosis. Besides distinct clinical
features such as tendency for early recurrence and highest recurrence
frequency, the MSS/epithelial to mesenchymal transition subtype
showed the least number of somatic mutation events compared to other
groups, which is similar to the data of the SRC/SRCC group in our
study.

Thus, the common known somatic mutations involved in carcino-
genesis are likely to be less frequent in signet ring cell type cancer of the
lower and upper gastrointestinal tract with MSS or MSI-L state, and it
can be assumed that cancers of this unique histological subtype in an
anatomically different location might have common genetic char-
acteristics. We found that alteration in targetable genes was less pre-
valent in SRC/SRCC. This might lead to difficulties in treating such an
aggressive cancer with known target agents.

From the investigated GAs, the frequency of KRAS mutation in SRC/
SRCC was significantly less compared to its mutation in MC or CON and
similarly, APC mutation, another key GA in CRC, was also less prevalent
in SRC/SRCC compared to its mutation frequency in TCGA-CON. Some
previous studies have also reported that KRAS mutation in SRC is less
common compared to its mutation frequency in CON [5,22,27]. Re-
cently Nam et al. performed whole exome sequencing of 5 colorectal
SRCs with MSS. They reported that most mutations were commonly
found in SRC and TCGA colorectal adenocarcinoma, whereas APC
nonsense mutation was observed in only one SRC case similar to the
present study [28]. These data imply that carcinogenesis of SRC/SRCC
might be different from that of CON.

SMAD4 codes for the common intracellular mediator of the TGF-3
superfamily. The TGF- pathway is involved in the regulation of cell
proliferation, differentiation, apoptosis, and migration [1 20 29 40].
Dysregulation of TGF-f3 signaling promotes epithelial to mesenchymal
transition, which is considered a key player in promoting tumor inva-
sion [29-31]. In vitro experiments have proved that TGF-f signaling
regulates epithelial differentiation and inhibits intestinal epithelial
proliferation in normal colonic mucosa [32,33]. Many reports have
shown that mutation or silencing of SMAD4 is involved in gastro-
intestinal tumorigenesis [34,35]. In the present study, while the overall
frequency of GA in SRC/SRCC was found to be less, alterations in P53
and SMAD4 were the two most common GAs and somatic mutation of
SMAD4 in SRC/SRCC was more prevalent compared to its mutation
frequency in CON. We also observed frequent loss of SMAD4 protein
expression in SRC/SRCC upon immunohistochemical staining. Fre-
quencies of immunohistochemical loss of SMAD4 have been reported as
13%-63% in colorectal cancer in previous literature [36] and according
to TCGA data, the low mRNA rate for colorectal adenocarcinoma and
for mucinous colorectal carcinoma is 15.38% and 18.18%, respectively.
In the present study, the SMAD4 loss rate was 76.5%, which was higher
compared to the previously reported expression loss or low mRNA rate
of SMAD4. In CRC, SMAD4 mutation has been linked to aggressive
tumor behavior [36] and mucinous histology [37], and reduced SMAD4
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expression has also been reported to be associated with poor prognosis
of CRC [21,36,38]. Results from previous studies and a relatively high
frequency of SMAD4 mutation and SMAD4 expression loss in the SRC/
SRCC group of the present study suggests that SMAD4 mutation or
expression loss of SMAD4 might be associated with aggressive tumor
biology and may be the basis for this histological subtype of CRC. Al-
though there has been no targeted therapy against loss of SMAD4, a few
studies have shown the link between SMAD4 loss and response to
specific chemotherapeutic drugs such as topoisomerase inhibitors [39].
Further evaluation is required for the potential use of SMAD4 loss or
genetic mutation in determining the treatment options for SRC/SRCC.

SMAD4 mutation and SMAD4 expression loss did not show a sta-
tistical relationship in the present study. Although association between
somatic mutations and their residing genes is not fully understood,
mutation type is assumed to have the strong influence on transcrip-
tional level. For example, expression of tumor suppressor genes is
especially influenced by truncation mutation. Alazzouzi et al. showed
that missense mutations in SMAD4, a tumor suppressor gene did not
result in loss of SMAD4 protein levels, and a truncating mutation re-
sulted in only moderately low protein levels [38]. The SMAD4 muta-
tions observed in our study were all missense mutations, which might
result in discordance between the somatic mutation of SMAD4 and
SMAD4 protein loss.

Song et al. reported that APC inactivation was observed less fre-
quently in mucinous colorectal carcinoma compared to its frequency in
non-mucinous carcinoma irrespective of the MSI status [40]. Ogino
et al. showed that TP53 inactivation was less prevalent in the mucinous
group compared to its inactivation frequency in the non-mucinous
group [23]. On the contrary, some have also reported that TP53 in-
activation in mucinous colorectal carcinoma is influenced by tumor
location or MSI state [40,41]. In the present study, GA in APC and TP53
were less prevalent in MC group compared to their GA frequency in
CON. On comparing with the TCGA-CON, a statistically significant
difference was observed between the two groups. These results imply
that the alteration state of two major genes, APC and TP53 in MC is
different from the alteration pattern in non-mucinous carcinoma.

As the leading cause of hypermutation in CRC is dysfunction in the
mismatch repair system, patients with CRC showing mismatch repair
deficiency are expected to develop a hypermutated phenotype.
Consequently, hypermutated CRC is considered relevant to MSI-H CRC
and vice versa [25]. To date, the threshold for hypermutated tumors in
CRC is defined as 12 per Mb of the mutation rate using whole-exome
sequencing [42]. One MC case of the present study was an outlier with a
high frequency of GA with 14 somatic mutations. Only 473,610 bp of
the exons were used for targeted deep sequencing in our study, and so,
only a limited number of targeted exon sequencing was performed ra-
ther than whole exome sequencing. Thus, it was difficult to confirm if
this case is a hypermutated tumor. Repeated MSI testing for this case
was performed in another laboratory using a fragmentation assay
analysis with an ABI Prism 3130 Genetic analyzer (Applied Biosystems,
Foster City, CA, USA), revealing an MSS state. Although nonsense
mutations of hMSH2 and hMSH6 were observed by the NGS method,
mismatch repair proteins including hMLH1, hMSH2, hMSH6, and PMS2
were not altered as determined by immunohistochemistry staining.
Alteration of POLE was also not observed.

The major limitation of the present study is the limited number of
cases in each group, suggesting the need for validation with a larger
cohort to confirm the genetic characteristics of SRC/SRCC and MC
observed by our targeted deep sequencing analyses. We tried to com-
pare the GAs between SRC, SRCC, and MC and to analyze the genetic
profiles of CRC with signet ring cell component according to mucin
content; however, there was barely any statistically significant inter-
group difference. These results might probably arise from the small
sample size in each group. A larger sample size will facilitate a more
exact understanding of the genetic characteristics and pathogenesis of
CRC according to the content of signet ring cells or mucin.
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5. Conclusion

Known cancer-associated genes and targetable genes are infre-
quently altered in SRC/SRCC. The profiles of GA in SRC/SRCC and MC
were different from the GA profile of CON, obtained from the TCGA
database (TCGA-CON). Specifically, mutation of SMAD4 and loss of
SMAD4 expression were prevalent in SRC/SRCC.

Ethics approval and consent to participate

This study has been performed in accordance with the declaration of
Helsinki and the research protocol has been approved by the Seoul
National University Bundang Hospital Ethic committee (IRB File No. B-
1606-351-301). For this type of study, formal consent is not required.
This article does not contain any studies with human participants or
animals performed by any of the authors.

Declaration of Competing Interest
The authors declare that they have no conflict of interest.
Acknowledgements

This study was supported by Hallym University Research Fund,
2017 (HURF-2017-71) from Hallym University Industry Academic
Cooperation Foundation of Chuncheon, Korea.

The Axen cancer panel T2 and next generation sequencing were
provided by Macrogen (Seoul, Korea).

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.prp.2019.152566.

References

[1] U.A. Almagro, Primary signet-ring carcinoma of the colon, Cancer 52 (1983)
1453-1457.

[2] T. Anthony, R. George, M. Rodriguez-Bigas, N.J. Petrelli, Primary signet-ring cell
carcinoma of the colon and rectum, Ann. Surg. Oncol. 3 (1996) 344-348.

[3] L. Messerini, A. Palomba, G. Zampi, Primary signet-ring cell carcinoma of the colon
and rectum, Dis. Colon Rectum 38 (1995) 1189-1192.

[4] A. Nissan, J.G. Guillem, P.B. Paty, W.D. Wong, A.M. Cohen, Signet-ring cell carci-
noma of the colon and rectum: a matched control study, Dis. Colon Rectum 42
(1999) 1176-1180.

[5] S. Sasaki, T. Masaki, N. Umetani, N. Futakawa, H. Ando, T. Muto, Characteristics in
primary signet-ring cell carcinoma of the colorectum, from clinicopathological
observations, Jpn. J. Clin. Oncol. 28 (1998) 202-206.

[6] S.Y. Tung, C.S. Wu, P.C. Chen, Primary signet ring cell carcinoma of colorectum: an
age- and sex-matched controlled study, Am. J. Gastroenterol. 91 (1996) 2195-2199.

[7] B.S. Ooi, Y.H. Ho, K.W. Eu, F. Seow Choen, Primary colorectal signet-ring cell
carcinoma in Singapore, ANZ J. Surg. 71 (2001) 703-706.

[8] S. Kakar, T.C. Smyrk, Signet ring cell carcinoma of the colorectum: correlations
between microsatellite instability, clinicopathologic features and survival, Mod.
Pathol. 18 (2005) 244-249.

[9] D. Psathakis, T.H. Schiedeck, F. Krug, E. Oevermann, P. Kujath, H.P. Bruch,
Ordinary colorectal adenocarcinoma vs. primary colorectal signet-ring cell carci-
noma: study matched for age, gender, grade, and stage, Dis. Colon Rectum 42
(1999) 1618-1625.

[10] D.A. Symonds, A.L. Vickery, Mucinous carcinoma of the colon and rectum, Cancer
37 (1976) 1891-1900.

[11] S. Jimi, M. Hotokezaka, T. Ikeda, S. Uchiyama, H. Hidaka, N. Maehara, H. Ishizaki,
K. Chijiiwa, Clinicopathological features, postoperative survival and prognostic
variables for cancer-related survival in patients with mucinous colorectal carci-
noma, Surg. Today 45 (2015) 329-334.

[12] Y. Kanemitsu, T. Kato, T. Hirai, K. Yasui, T. Morimoto, Y. Shimizu, Y. Kodera,

Y. Yamamura, Survival after curative resection for mucinous adenocarcinoma of the
colorectum, Dis. Colon Rectum 46 (2003) 160-167.

[13] S. Yamamoto, H. Mochizuki, K. Hase, T. Yamamoto, Y. Ohkusa, S. Yokoyama,

Y. Ushitani, S. Tamakuma, Assessment of clinicopathologic features of colorectal
mucinous adenocarcinoma, Am. J. Surg. 166 (1993) 257-261.

[14] J. Alexander, T. Watanabe, T.T. Wu, A. Rashid, S. Li, S.R. Hamilton,
Histopathological identification of colon cancer with microsatellite instability, Am.
J. Pathol. 158 (2001) 527-535.

[15] J.R. Jass, K.A. Do, L.A. Simms, H. lino, C. Wynter, S.P. Pillay, J. Searle, G. Radford-

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

Pathology - Research and Practice 215 (2019) 152566

Smith, J. Young, B. Leggett, Morphology of sporadic colorectal cancer with DNA
replication errors, Gut 42 (1998) 673-679.

M. Risio, G. Reato, P.F. di Celle, M. Fizzotti, F.P. Rossini, R. Foa, Microsatellite
instability is associated with the histological features of the tumor in nonfamilial
colorectal cancer, Cancer Res. 56 (1996) 5470-5474.

R. Ward, A. Meagher, I. Tomlinson, T. O’Connor, M. Norrie, R. Wu, N. Hawkins,
Microsatellite instability and the clinicopathological features of sporadic colorectal
cancer, Gut 48 (2001) 821-829.

C.R. Boland, S.N. Thibodeau, S.R. Hamilton, D. Sidransky, J.R. Eshleman,

R.W. Burt, S.J. Meltzer, M.A. Rodriguez-Bigas, R. Fodde, G.N. Ranzani,

S. Srivastava, A National Cancer Institute Workshop on Microsatellite Instability for
cancer detection and familial predisposition: development of international criteria
for the determination of microsatellite instability in colorectal cancer, Cancer Res.
58 (1998) 5248-5257.

M. Costello, T.J. Pugh, T.J. Fennell, C. Stewart, L. Lichtenstein, J.C. Meldrim,

J.L. Fostel, D.C. Friedrich, D. Perrin, D. Dionne, S. Kim, S.B. Gabriel, E.S. Lander,
S. Fisher, G. Getz, Discovery and characterization of artifactual mutations in deep
coverage targeted capture sequencing data due to oxidative DNA damage during
sample preparation, Nucleic Acids Res. 41 (2013) e67.

M. Isaksson-Mettavainio, R. Palmqvist, A.M. Dahlin, B. Van Guelpen, J. Rutegard,
A. Oberg, M.L. Henriksson, High SMAD4 levels appear in microsatellite instability
and hypermethylated colon cancers, and indicate a better prognosis, Int. J. Cancer
131 (2012) 779-788.

P. Yan, D. Klingbiel, Z. Saridaki, P. Ceppa, M. Curto, T.A. McKee, A. Roth, S. Tejpar,
M. Delorenzi, F.T. Bosman, R. Fiocca, Reduced expression of SMAD4 is associated
with poor survival in colon cancer, Clin. Cancer Res. 22 (2016) 3037-3047.

Y. Kawabata, N. Tomita, T. Monden, M. Ohue, T. Ohnishi, M. Sasaki, M. Sekimoto,
1. Sakita, Y. Tamaki, J. Takahashi, T. Yagyu, H. Mishima, N. Kikkawa, M. Monden,
Molecular characteristics of poorly differentiated adenocarcinoma and signet-ring-
cell carcinoma of colorectum, Int. J. Cancer 84 (1999) 33-38.

S. Ogino, M. Brahmandam, M. Cantor, C. Namgyal, T. Kawasaki, G. Kirkner,

J.A. Meyerhardt, M. Loda, C.S. Fuchs, Distinct molecular features of colorectal
carcinoma with signet ring cell component and colorectal carcinoma with mucinous
component, Mod. Pathol. 19 (2006) 59-68.

S. Yalcin, O. Onguru, BRAF mutation in colorectal carcinomas with signet ring cell
component, Cancer Biol. Med. 14 (2017) 287-292.

M.F. Muller, A.E. Ibrahim, M.J. Arends, Molecular pathological classification of
colorectal cancer, Virchows Arch. 469 (2016) 125-134.

R. Cristescu, J. Lee, M. Nebozhyn, K.M. Kim, J.C. Ting, S.S. Wong, J. Liu, Y.G. Yue,
J. Wang, K. Yu, X.S. Ye, L.G. Do, S. Liu, L. Gong, J. Fu, J.G. Jin, M.G. Choi, T.S. Sohn,
J.H. Lee, J.M. Bae, S.T. Kim, S.H. Park, I. Sohn, S.H. Jung, P. Tan, R. Chen,

J. Hardwick, W.K. Kang, M. Ayers, D. Hongyue, C. Reinhard, A. Loboda, S. Kim,
A. Aggarwal, Molecular analysis of gastric cancer identifies subtypes associated
with distinct clinical outcomes, Nat. Med. 21 (2015) 449-456.

L.I. Wistuba, C. Behrens, J. Albores-Saavedra, R. Delgado, F. Lopez, A.F. Gazdar,
Distinct K-ras mutation pattern characterizes signet ring cell colorectal carcinoma,
Clin. Cancer Res. 9 (2003) 3615-3619.

J.Y. Nam, B.Y. Oh, H.K. Hong, J.S. Bae, T.W. Kim, S.Y. Ha, D. Park, W.Y. Lee,
H.C. Kim, S.H. Yun, Y.A. Park, J.G. Joung, W.Y. Park, Y.B. Cho, Molecular char-
acterization of colorectal signet-ring cell carcinoma using whole-exome and RNA
sequencing, Transl. Oncol. 11 (2018) 836-844.

Z. Ding, C.J. Wu, G.C. Chu, Y. Xiao, D. Ho, J. Zhang, S.R. Perry, E.S. Labrot, X. Wu,
R. Lis, Y. Hoshida, D. Hiller, B. Hu, S. Jiang, H. Zheng, A.H. Stegh, K.L. Scott,

S. Signoretti, N. Bardeesy, Y.A. Wang, D.E. Hill, T.R. Golub, M.J. Stampfer,

W.H. Wong, M. Loda, L. Mucci, L. Chin, R.A. DePinho, SMAD4-dependent barrier
constrains prostate cancer growth and metastatic progression, Nature 470 (2011)
269-273.

N. Bardeesy, K.H. Cheng, J.H. Berger, G.C. Chu, J. Pahler, P. Olson, A.F. Hezel,

J. Horner, G.Y. Lauwers, D. Hanahan, R.A. DePinho, Smad4 is dispensable for
normal pancreas development yet critical in progression and tumor biology of
pancreas cancer, Genes Dev. 20 (2006) 3130-3146.

S. Giampieri, C. Manning, S. Hooper, L. Jones, C.S. Hill, E. Sahai, Localized and
reversible TGFbeta signalling switches breast cancer cells from cohesive to single
cell motility, Nat. Cell Biol. 11 (2009) 1287-1296.

S.A. Lamprecht, B. Schwartz, A. Glicksman, Transforming growth factor-beta in
intestinal epithelial differentiation and neoplasia (review), Anticancer Res. 9 (1989)
1877-1881.

M. Kurokowa, K. Lynch, D.K. Podolsky, Effects of growth factors on an intestinal
epithelial cell line: transforming growth factor beta inhibits proliferation and sti-
mulates differentiation, Biochem. Biophys. Res. Commun. 142 (1987) 775-782.
K. Takaku, M. Oshima, H. Miyoshi, M. Matsui, M.F. Seldin, M.M. Taketo, Intestinal
tumorigenesis in compound mutant mice of both Dpc4 (Smad4) and apc genes, Cell
92 (1998) 645-656.

M.M. Taketo, K. Takaku, Gastro-intestinal tumorigenesis in Smad4 mutant mice,
Cytokine Growth Factor Rev. 11 (2000) 147-157.

A.D. Roth, M. Delorenzi, S. Tejpar, P. Yan, D. Klingbiel, R. Fiocca, G. d’Ario,

L. Cisar, R. Labianca, D. Cunningham, B. Nordlinger, F. Bosman, E. Van Cutsem,
Integrated analysis of molecular and clinical prognostic factors in stage II/III colon
cancer, J. Natl. Cancer Inst. 104 (2012) 1635-1646.

N.I. Fleming, R.N. Jorissen, D. Mouradov, M. Christie, A. Sakthianandeswaren,

M. Palmieri, F. Day, S. Li, C. Tsui, L. Lipton, J. Desai, I.T. Jones, S. McLaughlin,
R.L. Ward, N.J. Hawkins, A.R. Ruszkiewicz, J. Moore, H.J. Zhu, J.M. Mariadason,
A.W. Burgess, D. Busam, Q. Zhao, R.L. Strausberg, P. Gibbs, O.M. Sieber, SMAD2,
SMAD3 and SMAD4 mutations in colorectal cancer, Cancer Res. 73 (2013)
725-735.

H. Alazzouzi, P. Alhopuro, R. Salovaara, H. Sammalkorpi, H. Jarvinen, J.P. Mecklin,


https://doi.org/10.1016/j.prp.2019.152566
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0005
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0005
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0010
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0010
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0015
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0015
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0020
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0020
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0020
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0025
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0025
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0025
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0030
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0030
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0035
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0035
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0040
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0040
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0040
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0045
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0045
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0045
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0045
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0050
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0050
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0055
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0055
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0055
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0055
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0060
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0060
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0060
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0065
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0065
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0065
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0070
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0070
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0070
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0075
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0075
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0075
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0080
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0080
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0080
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0085
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0085
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0085
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0090
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0090
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0090
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0090
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0090
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0090
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0095
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0095
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0095
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0095
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0095
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0100
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0100
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0100
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0100
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0105
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0105
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0105
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0110
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0110
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0110
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0110
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0115
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0115
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0115
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0115
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0120
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0120
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0125
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0125
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0130
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0130
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0130
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0130
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0130
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0130
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0135
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0135
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0135
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0140
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0140
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0140
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0140
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0145
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0145
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0145
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0145
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0145
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0145
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0150
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0150
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0150
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0150
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0155
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0155
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0155
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0160
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0160
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0160
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0165
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0165
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0165
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0170
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0170
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0170
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0175
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0175
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0180
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0180
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0180
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0180
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0185
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0185
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0185
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0185
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0185
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0185
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0190

H. Kim, et al.

[39]

[40]

A. Hemminki, S. Schwartz Jr., L.A. Aaltonen, D. Arango, SMAD4 as a prognostic
marker in colorectal cancer, Clin. Cancer Res. 11 (2005) 2606-2611.

M. Ziemke, T. Patil, K. Nolan, D. Tippimanchai, S.P. Malkoski, Reduced Smad4
expression and DNA topoisomerase inhibitor chemosensitivity in non-small cell
lung cancer, Lung Cancer 109 (2017) 28-35.

G.A. Song, G. Deng, L. Bell, S. Kakar, M.H. Sleisenger, Y.S. Kim, Mucinous carci-
nomas of the colorectum have distinct molecular genetic characteristics, Int. J.

[41]

[42]

Pathology - Research and Practice 215 (2019) 152566

Oncol. 26 (2005) 745-750.

S.Y. Park, H.S. Lee, G. Choe, J.H. Chung, W.H. Kim, Clinicopathological char-
acteristics, microsatellite instability, and expression of mucin core proteins and p53
in colorectal mucinous adenocarcinomas in relation to location, Virchows Arch. 449
(2006) 40-47.

Cancer Genome Atlas N, Comprehensive molecular characterization of human colon
and rectal cancer, Nature 487 (2012) 330-337.


http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0190
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0190
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0195
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0195
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0195
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0200
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0200
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0200
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0205
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0205
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0205
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0205
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0210
http://refhub.elsevier.com/S0344-0338(19)30608-9/sbref0210

	Genomic alterations in signet ring and mucinous patterned colorectal carcinoma
	Introduction
	Materials and methods
	Samples
	Assessment of microsatellite instability
	Genomic DNA extraction
	Deep sequencing using a targeted cancer panel
	Variant detection
	Immunohistochemistry
	Statistical analysis

	Results
	Patient characteristics
	Genomic alterations in colorectal carcinoma with signet ring cell and/mucinous component
	Potentially targetable alterations in colorectal carcinoma with signet ring cell and/ mucinous component
	Comparison of genetic alterations with TCGA colorectal cancer database
	Immunohistochemical expression of SMAD4 in colorectal carcinoma based on histological subtype

	Discussion
	Conclusion
	Ethics approval and consent to participate
	mk:H1_19
	Acknowledgements
	Supplementary data
	References




