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Abstract

Objective

To evaluate the predicting value of MUC1 expression in lymph node and distant metastasis

of colorectal cancer (CRC).

Methods

Pubmed/ MEDLINE and EMBASE were searched to identify eligible studies that evaluated

the correlation between MUC1 and CRC. A meta-analysis was conducted to evaluate the

impact of MUC1 expression on CRCmetastasis.

Results

A total of 18 studies (n = 3271) met inclusion criteria and the mean Newcastle-Ottawa Scale

(NOS) score was 6.3 with a range from 4 to 8. The pooled OR in the meta-analysis of 15

studies indicated that positive MUC1 expression correlated with more CRC node metasta-

sis (OR = 2.32, 95% CI = 1.63–3.29). The data synthesis of 6 studies suggested that MUC1

expression predicted more possibility of CRC distant metastasis (OR = 2.22, 95% CI =

1.23–4.00). In addition, the combined OR of 7 studies showed that MUC1 expression indi-

cated higher Duke’s stage (OR = 3.02, 95% CI = 2.11–4.33). No publication bias was found

in the mate-analysis by Begg’s test or Egger’s test with the exception of the meta-analysis

of MUC1 with CRC node metastasis (Begg’s test p = 0.729, Egger’s test p = 0.000).
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Conclusions

Despite of some modest bias, the pooled evidence suggested that MUC1 expression was

significantly correlated with CRCmetastasis.

Introduction
Mucin 1 (MUC1) is a structural transmembrane protein with a heavily glycosylated extracellu-
lar domain, which is also known as episialin, CA5-3, DF3, PAS-O, PEM, H23Ag, EMA and
MCA [1,2]. MUC1 is normally expressed on the apical borders of various glandular and lumi-
nal epithelial cells in the mammary gland, esophagus, stomach, duodenum, pancreas, uterus,
prostate and lungs, providing protections to the underlying epithelia and playing a role in cell
signaling [3–5]. However, both distribution and biochemical features of MUC1 in cancer cells
are different from those in normal cells. MCU1 is found over expressed in most human cancers
and distributed over the cell surface and within the cytoplasm due to the loss of cell polarity
[6]. The functional role of MUC1 in malignancy has been widely studied and several lines of
evidence suggest that MUC1 is potentially correlated with the development, invasiveness and
metastasis of cancer [7–14]. Meanwhile, contrary effects of MUC1 in cancer cells were reported
in several independent studies [15,16]. The role of MUC1 in cancer seems to be controversial
and has not been clearly clarified so far.

Colorectal cancer (CRC) is one of the most frequently diagnosed cancers and it is estimated
to be the fourth most common cause of cancer death [17]. Every year, more than 1.2 million
patients are diagnosed with colorectal cancer and more than 600 000 die from the disease [18].
Metastasis of cancer is correlated closely with poor prognosis and usually indicates a late stage
of cancer. The five-year survival rate of CRC patients with positive regional lymph nodes or
distant metastasis was significantly lower than that of patients without metastasis [19]. The
over expression of MUC1 in CRC was described in many studies, as well as the potential rela-
tionship between MUC1 and metastasis. Some studies indicated MUC1 expression was posi-
tively correlated with CRC metastasis while others did not [20–30]. So far, it is not clear
whether the correlation between MUC1 expression and CRC metastasis is of statistic signifi-
cance, and the predictive value of MUC1 expression in CRC metastasis has not been evaluated
systemically.

This systemic review and meta-analysis was designed to clarify the role of MUC1 in CRC
metastasis and evaluate the correlation of MUC1 expression with node metastasis, distant
metastasis and Duke’s stage of CRC.

Methods

Identification and Selection of Studies
According to a prespecified written protocol, the literature research was designed to identify
available studies that evaluated the correlation between MUC1 expression and CRC metastasis.
Specifically, CRC metastasis included node metastasis and distant metastasis. Additionally,
Duke’s stage was chosen to estimate metastasis status because it was widely used in the diagno-
sis of CRC and could be easily divided into two categories according to metastasis or not.
Duke’s stage C/D indicated node and/or distant metastasis while stage A/B indicated no metas-
tasis. Therefore, several inclusion criteria were used to select eligible studies: (1)Patients with
pathological diagnosis of colorectal cancer, regardless of pathological classification; (2) MUC1
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expression in tumor tissue evaluated by immunohistochemistry (IHC) method with monoclo-
nal antibody against MUC1; (3) Sufficient data to estimate the odd ratio (OR) and correspond-
ing 95% Confidence Interval (CI) of the correlation of MUC1 expression with node metastasis,
distant metastasis and/or Duke’s stage; (4) Case controlled studies. The excluded criteria
included: (1) Patients diagnosed with recurrent CRC; (2) Full-text published in other languages
rather than English or Chinese because of resource limitation.

Studies were identified by searching the electronic databases of Pubmed/MEDLINE (1950
to December 31, 2014) and EMBASE (1980 to December 31, 2014). The keywords “MUC1”,
“mucin 1”, “episialin”,“CA5-3”, “DF3”, “PAS-O”, “PEM”, “H23Ag”,“EMA”, “MCA”, “colorec-
tal cancer”, “colorectal carcinoma”, “colon cancer” and “colon carcinoma” were used in various
combinations. Published language was limited to English and Chinese because of time and
resources limitations. The reference lists of identified studies were also searched manually as a
complement the computer searches.

Two independent reviewers screened the abstracts of primary identified studies and related
references for eligibility. Full-text articles were read for further assessment if the eligibility was
unclear by screening the abstracts. Discrepancies in the inclusion were resolved by discussion
within the review team. For primary included studies, names of all authors and the medical
centers involved were examined carefully to avoid repetitive data. Whenever studies pertained
to overlapping patients, studies with larger sample size and more comprehensive data were
retained.

Data Extraction
Two independent reviewers extracted the details of included studies with a standardized form.
The following information was recorded: first author, year of publication, country of origin,
sample size, number of male included, mean or median age, cancer characteristics, number of
patients with node metastasis, number of patients with distant metastasis; number of patients
with Duke’s stage C/D; antibody used; cut-off value of positive MUC1 expression and conclu-
sions. The conclusions of each study were termed “positive” when positive MUC1 expression
predicted more node metastasis, distant metastasis or Duke’s stage C/D, “negative” when posi-
tive MUC1 expression predicted less metastasis or Duke’s stage A/B, and “indeterminate”
when no significant correlation between MUC1 expression and metastasis or Duke’s stage was
found. Any discrepancy was resolved through discussion. The main outcome was the number
of patients with node metastasis, distant metastasis or Duke’s stage C/D in MUC1 positive and
negative group.

Quality Assessment
According to the Cochrane Collaboration, the Newcastle-Ottawa Scale (NOS) was used to
assess the quality of the included studies by judging on three board perspectives: the selection
of study groups, the comparability of study groups and the measurement of exposure in study
groups [31, 32].

Data Synthesis
The included studies were divided into three groups for analysis: those with data regarding
node metastasis, those with data regarding distant metastasis and those with data regarding
Duke’s stage. The correlation of MUC1 with node metastasis, distant metastasis and Duke’s
stage in each study was estimated by OR and corresponding 95% CI. Heterogeneity chi-
squared (Χ2)and I-squared (I2) value were computed to assess the heterogeneity of the included
studies in each group. If significant heterogeneity was found i.e. P< = 0.10 and/or I2>50%,
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potential sources of heterogeneity between studies would be explored. If the heterogeneity
could not be eliminated by subgroup analysis, the ORs of each group were combined respec-
tively in a random effect meta-analysis using DerSimonian-Laird algorithm. If the heterogene-
ity was acceptable, Mantel-Haenszel algorithm was used in a fixed effect model. Meta-analyses
were carried out with the Stata version 11.0 (Stata Corporation, College Station, TX, USA). The
pooled OR>1 indicated more metastasis and Duke’s stage C/D in MUC1 positive group rela-
tive to MUC1 negative group, which would be considered significant if the 95%CI did not over-
lap 1, with p<0.05.

Subgroup and Sensitivity Analyses
Based on prespecified protocol of the meta-analysis, sub-group analysis was performed accord-
ing to the monoclonal antibody against MUC1 and sensitivity analysis was performed when
limiting the cut-off value of positive MUC1 expression. The effect of potential publication bias
on results was assessed by Begg’s test and Egger’s test [33, 34].

Results

Studies Selection and Characteristics
A total of 524 studies were initially identified after duplications removed through the prespeci-
fied search strategy, and 59 studies were retrieved for full-text following abstract screening.
There were 3 conference abstracts, 2 studies not in English or Chinese and 1 study without full-
text available online despite of any effort, and therefore they were excluded [35]. Full-texts of
53 studies were assessed carefully and 35 studies were excluded for several reasons as shown in
Fig 1 [22, 36–39]. Finally, a total of 18 studies (n = 3271) met all the inclusion criteria and were
included in meta-analysis [20,21,23–30,40–47].

The characteristics of the included studies were provided in Table 1. The 18 included studies
were published between 1988 and 2014, and the original countries were distributed in all conti-
nents except for Africa. The median sample size of all studies was 91.5 patients (range = 31–
1414) and the mean proportion of male patients was about 55.0%. The median age of patients
in 15 studies was 64.12 years old (range = 56.2–71). In all the studies, MUC1 expression was
evaluated by IHC staining in formalin-fixed paraffin-embedded tissue blocks using several
monoclonal antibodies against MUC1 including Ma695, Ma552, KL-6, HMFG-1, HMFG-2,
ICR2, 139H2 and MUSE11. The cut-off value of MUC1 positive or negative was mostly esti-
mated by the proportion or area of positive stained cell in tumor tissue that ranged from 0 to
35%, while 4 studies did not reported the exact definition of MUC1 positive. The most com-
mon used cut-off value was> = 30% tumor cells stained positive (N = 5). The correlation of
MUC1 expression with metastasis was positive in 11 studies and indeterminate in the other 7
studies. The relationship between MUC1 expression and CRC node metastasis could be esti-
mated in 15 of the 19 included studies, while the correlation of MUC1 expression with CRC
distant metastasis and Duke’s stage could be estimated in 6 and 7 studies respectively.

Quality Assessment of Included Studies
The qualities of included studies assessed with NOS were provided in Table 2. The mean total
score was 6.3 with a range from 4 to 8. The selection of patients with pathological confirmed
cases was appropriate and representative in most of studies. The comparability between case
group and control group was limited since confounding factors such as age, sex, location and
subtype of cancer were not controlled sufficiently. MUC1 expression was identified by IHC
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with different antibodies in all studies while non-response rate of each group was not reported
or compared.

MUC1 and CRC Node Metastasis
As shown in Fig 2A, the pooled OR in random effect meta-analysis of the 15 studies evaluating
the correlation of MUC1 expression with CRC node metastasis was 2.32with the corresponding
95% CI of 1.63–3.29 (χ2 = 75.92, P = 0.000, I2 = 81.6%). In the sub-group analysis according to
the monoclonal antibody against MUC1, a positive relationship between MUC1 expression
and node metastasis was demonstrated by the combined OR of the 3 studies using KL-6
(OR = 7.17, 95% CI = 3.64–14.11), and that of the 3 studies using Ma695 (OR = 2.93, 95%
CI = 1.81–4.72) and the 2 studies using 139H2 (OR = 1.02, 95% CI = 1.00–1.05). Meanwhile,
the combined ORs of the studies using HMFC-2 and ICR2 were indeterminate with 95% CIs
overlapping 1 and there was only one study using MUSE11, Ma552 and ZM-0391 respectively
(Fig 2B). When limiting the cut-off value to> = 30% tumor cells stained positive, the sensitivity
analysis of the 4 studies in fixed effect model indicated that MUC1 expression was significantly
correlated with CRC node metastasis with combined OR of 3.32 and 95% CI of 2.12–5.20 (χ2 =
5.15, P = 0.161, I2 = 41.7%,Fig 2C).

Fig 1. Flow diagram showing inclusion and exclusion of studies.

doi:10.1371/journal.pone.0138049.g001
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MUC1 and CRC Distant Metastasis
For the 6 studies estimating the correlation between MUC1 expression and CRC distant metas-
tasis, the combination of ORs in fixed effect meta-analysis suggested that distant metastasis of
CRC was more likely to occur when MUC1 expression was positive (OR = 2.22, 95%
CI = 1.23–4.00, χ2 = 7.92, P = 0.160, I2 = 36.9%), as was shown in Fig 3A. The sub-group analy-
sis by antibody used demonstrated a positive correlation between MUC1 expression and CRC
distant metastasis in the 2 studies using KL-6 (OR = 5.29, 95% CI = 1.64–17.01), whereas the
correlation was indeterminate in studies using HMFC-7, ICR2 and Ma695 (Fig 3B). For the 2
studies with cut-off value of> = 30%, the sensitivity analysis in fixed effect model showed posi-
tive MUC1 expression indicated more CRC distant metastasis with the combined OR of 8.05
and 95% CI of 2.51–25.81 (χ2 = 0.47, P = 0.494, I2 = 0.0%, Fig 3C).

MUC1 and CRC Duke’s Stage
As shown in Fig 4A, the fixed effect meta-analysis of the 7 studies indicated a positive relation-
ship between MUC1 expression and CRC Duke’s stage with the pooled OR of 3.02 and 95% CI
of 2.11–4.33 (χ2 = 9.18, P = 0.164, I2 = 34.7%). In the sub-group analysis according to the anti-
body against MUC1, the combined OR of the 4 studies usingMa695 (OR = 2.39, 95% CI, 1.59–
3.58) and the OR of the single studyusingKL-6 (OR = 10.80, 95% CI = 4.07–28.65) confirmed
the correlation of MUC1 expression with Duke’s stage C/D. However, the ORs of the single
study usingICR2 and HMFC-1 were indeterminate with 95% CIs overlapping 1 (Fig 4B). For
the 3 studies with cut-off value of> = 30%, the sensitivity analysis in random effect model
demonstrated positive MUC1 expression was significantly correlated with higher Duke’s stage
of CRC with the combined OR of 3.79 and 95% CI of 1.51–9.53 (χ2 = 6.95, P = 0.031, I2 =
71.2%, Fig 4C).

Table 2. Quality assessment of the 18 included studies with the Newcastle-Ottawa Scale (NOS).

Ref. First Author Year Selection of
subjects/4

Comparability of
groups/2

Measurement of
Exposure/3

Total
score of
NOS/9

20 Ajioka Y 1996 3 1 2 6

40 Baldus SE 2002 4 1 2 7

21 Baldus SE 2004 4 1 2 7

41 Davidson BR 1988 2 1 2 5

42 Davidson BR 1989 3 1 2 6

43 Guo Q 2006 4 1 2 7

23 Huang WB 2002 3 1 2 6

24 Jang KT 2002 4 1 2 7

44 Kaneko I 2007 3 1 2 6

25 Karamitopoulou
E

2011 3 1 2 6

26 Kimura T 2000 4 1 2 7

45 Lugli A 2007 4 2 2 8

27 Matsuda K 2000 3 1 2 6

46 Mulder WMC 1996 2 0 2 4

47 Oshima T 2007 3 1 2 6

28 Perez RO 2008 3 1 2 6

29 Yu XW 2007 4 1 2 7

30 Zhang XW 2014 3 1 2 6

doi:10.1371/journal.pone.0138049.t002
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Evaluation of Publication Bias
Both Begg’s test and Egger’s test were performed to examine the potential publication bias in
all the meta-analysis and sensitivity analysis. No evidence of publication bias was found by
Begg’s test in the overall meta-analysis of MUC1 expression with CRC node metastasis
(p = 0.729), distant metastasis (p = 0.851) or Duke’s stage (p = 0.453), while Egger’s test
revealed possible publication bias in the analysis of node metastasis (p = 0.000) but no bias in
the analysis of distant metastasis (p = 0.811) or Duke’s stage (p = 0.729). In addition, both
Begg’s test and Egger’s test showed no publication bias in the sensitivity analysis of node metas-
tasis (p = 1.000, p = 0.902), distant metastasis (p = 0.317, p = N/A) or Duke’s stage (p = 0.117,
p = 0.310). The funnel plots of the Begg’s test and Egger’s test were shown in Figs 5 and 6.

Discussion
Previous studies found MUC1 was usually over expressed in CRC tissue and seemed to play a
role in the tumor development and progression. This was the first meta-analysis to systemati-
cally evaluate the correlation between MUC1 expression and CRC metastasis. The results
revealed that positive MUC1 expression in CRC tissue was strongly correlated with more

Fig 2. Forrest plots of meta-analysis of studies evaluating the correlation of MUC1 expression with CRC nodemetastasis.Overall meta-analysis (A),
subgroup analysis according to antibodies used (B) and sensitivity analysis when limiting the cut-off value to > = 30% tumor cells stained positive (C).

doi:10.1371/journal.pone.0138049.g002
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metastasis of CRC, which was consistent with the conclusions of most included studies. Present
evidence from the meta-analysis indicated that MUC1 might be a promising biomarker to pre-
dict the status of CRC metastasis at the time of diagnosis. The expression of MUC1 in CRC tis-
sue can be determined by IHC method with monoclonal antibody against MUC1, which can
be done simultaneously when pathologists conduct pathological diagnosis with tumor tissue
obtained from surgery or biopsy. It is relatively easy to realize and popularize in clinical prac-
tice, which is of great significance to help surgeons determine treatment strategy. The establish-
ment of the relationship between MUC1 expression and CRC metastasis may also help to
clarify the metastasis risk of CRC patients at the time of diagnosis, especially those without
symptoms or signs of metastasis. If MUC1 is highly expressed in a CRC patient without meta-
static manifestation, it is worthy to do more detailed examination in search for any existing
small metastasis. Patients with over expressed MUC1 may need more radical or aggressive
treatment after diagnosis and more rigorous care after tumor resection due to a relatively high
risk of metastasis. However, present study only proved the correlation between MUC1 expres-
sion and CRC metastasis. The positive rate of MUC1 expression in CRC patients with metasta-
sis differed greatly in previous retrospective studies, and the sensitivity and specificity of
MUC1 in predicting CRC metastasis have not been validated in prospective studies. Besides,

Fig 3. Forrest plots of meta-analysis of studies evaluating the correlation of MUC1 expression with CRC distant metastasis.Overall meta-analysis
(A), subgroup analysis according to antibodies used (B) and sensitivity analysis when limiting the cut-off value to > = 30% tumor cells stained positive (C).

doi:10.1371/journal.pone.0138049.g003
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MUC1 expression in CRC tissue cannot guide therapy before surgery or biopsy. Despite of
these limitations, MUC1 deserves further investigation in CRC patients.

Among the included studies in the meta-analysis, several monoclonal antibodies were used
to detect the expression of MUC1. Although the expression level of MUC1 stained by different
antibodies was not compared in any of the included studies, the positive rate of MUC1 expres-
sion was different among studies using different antibodies. In CRC patients with metastasis,
the average positive rate was 44.6% (range from 20.0% to 62.7%) in the 6 studies using Ma695,
63.5% (range from 49.5% to 92.7%) in the 3 studies using KL-6 and 40.6% (range from 32.5%
to 50.2%) in the 2 studies using HMFG-2. The difference may be attributed to many interfer-
ence factors, but the various antibodies should be concerned first. Subgroup analysis was then
performed according to the monoclonal antibody and the results or tendencies were basically
consistent among different subgroups, which were also consistent with those of the overall
meta-analysis. Together with sensitivity analysis, the results of subgroup analysis confirmed
that positive MUC1 expression was correlated with more CRC metastasis in spite of the limited
number of included studies.

Node metastasis, distant metastasis and Duke’s stage were used in the meta-analysis to esti-
mate the metastasis status of CRC because they are widely applied in clinical practice and

Fig 4. Forrest plots of meta-analysis of studies evaluating the correlation of MUC1 expression with CRC Duke’s stage.Overall meta-analysis (A),
subgroup analysis according to antibodies used (B) and sensitivity analysis when limiting the cut-off value to > = 30% tumor cells stained positive (C).

doi:10.1371/journal.pone.0138049.g004
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closely correlated with TNM stage and prognosis of CRC patients. Given the difference in
economy and medical technology, some small metastasis might not be detected at the time of
diagnosis, which would cause interference to the results of retrospective case controlled studies.
However, it in turn emphasizes that it is necessary to find a reliable approach to predict the
metastasis status of CRC in advance. Prospective studies are needed to avoid this interference
and evaluate the relationship between MUC1 expression and CRC metastasis, as well as the
sensitivity and specificity of MUC1 in predicting CRC metastasis status.

The potential role of MUC1 in malignancy has been widely investigated in recent years. Sev-
eral lines of evidences have demonstrated that MUC1 expression is correlated with tumor pro-
liferation, metabolism, invasion, metastasis, angiogenesis and resistance to apoptosis [11, 16,
48–58]. MUC1 can mediate production of several growth factors such as connective tissue
growth factor (CTGF), platelet-derived growth factor A (PDGF-A) and PDGF-B, which pro-
mote the proliferation and survival of tumor cells [11, 16,48–50]. In the metabolism of cancer
cells, MUC1 modulate the expression of glycolytic pathway enzymes by interacting with HIF-
1αand enhances the expression of genes pertaining to glucose uptake and metabolism [51].
MUC1 can induce epithelial to mesenchymal transition (EMT) by upregulating the expression
of inducers Snail, Slug, Vimentin, and Twist, as well as by modulating the expression of miR-
NAs which control the expression of EMT-related genes [52,53]. Many studies have suggested
MUC1 expression is correlated with metastasis and one of the possible mechanisms is that
MUC1 acts as a ligand for cell adhesion molecules and help MUC1-expressing circulating
tumor cells (CTCs) adhere to endothelial cells and seed at distant site to establish secondary

Fig 5. Funnel plot of Begg’s test of meta-analysis (A-C) and sensitivity analysis (D-F). Funnel plot of the meta-analysis of CRC node metastasis (A),
distant metastasis (B) and Duke’s stage (C) in Begg’s test, and those of sensitivity analysis of CRC node metastasis (D), distant metastasis (E) and Duke’s
stage (F).

doi:10.1371/journal.pone.0138049.g005
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tumors [54]. The metastatic role of MUC1 was also attributed to the interaction of MUC1 and
platelet-derived growth factor receptor β, as well as the transcriptional regulations of MUC1 on
CTGF [11, 49]. Angiogenesis is essential during the development of tumor and multiple proan-
giogenic factors such as vascular endothelial growth factor-A (VEGF-A) and PDGF-B can be
induced by MUC1 under hypoxia, which promote the synthesis of new blood vessels within
the tumor masses [55]. It has been reported that MUC1 can enhance the expression of anti-
apoptotic protein, inactivate the pro-apoptotic protein, decrease the intracellular reactive oxy-
gen species (ROS) levels and upregulate the expression of multidrug resistance gene and pro-
tein, resulting in cancer cell resistant to apoptosis and chemotherapeutic drugs [56–58]. Based
on these findings, MUC1 has been applied to clinical practice as a cancer biomarker for diag-
nosing, staging and monitoring relapse following therapy [59, 60]. MUC1 has also been consid-
ered as a target to develop MUC1-based immunotherapy, which may benefit CRC patients
with high expression of MUC1 by reducing the risk of metastasis and prolonging the survival
[61–63].

Although a vast majority of studies indicated the proliferative and metastatic role of MUC1,
several studies did indicate anti-proliferative and anti-metastatic effect of MUC1. Downregula-
tion of MUC1 expression was found to increase proliferation and apoptosis in MKN45 gastric
carcinoma cell line, but in vivo study showed that mice injected with MUC1 downregulated
cells developed smaller tumors when compared to those injected with the control cells [15]. In
another study, MUC1 siRNA in MDA-MB-468 breast cancer cell line was reported to decrease
proliferation and invasion and increase stress-induced apoptosis, but MUC1 siRNA in BT-20

Fig 6. Funnel plot of Egger’s test of meta-analysis (A-C) and sensitivity analysis (D-F). Funnel plot of the meta-analysis of CRC node metastasis (A),
distant metastasis (B) and Duke’s stage (C) in Egger’s test, and those of sensitivity analysis of CRC node metastasis (D), distant metastasis (E) and Duke’s
stage (F).

doi:10.1371/journal.pone.0138049.g006
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breast cancer cell line increased proliferation [16]. Furthermore, in a study with S2-013.
MUC1F pancreatic cancer cells, MUC1 expression conferred on tumors a greater propensity to
metastasize when present in low hepatocyte growth factor (HGF) tissue environments but con-
versely downregulated HGF-stimulated activation of motility and invasion under conditions of
high HGF concentrations [64]. The contradiction may be partially explained by the difference
of individual cell lines or cellular microenvironments, but the context-dependent functions of
MUC1 in malignancy seem to be more multifaceted than previous comprehension. Our meta-
analysis clarified that positive MUC1 expression was strongly correlated with more CRC
metastasis, which suggested that MUC1 exerted proliferative and metastatic effect in CRC.

Although the systematic review and meta-analysis was conducted strictly in accordance
with the Cochrane Collaboration, several limitations and potential bias should be taken into
consideration when the results were interpreted. First of all, the most common pathological
classification of CRC was adenocarcinoma with various differentiation degrees in the included
studies, the correlation of MUC1 expression with other pathological types or certain differenti-
ation degree was not evaluated sufficiently. As the biological properties of different types of
CRC varied from each other, the results of this meta-analysis could not present the actual
impact of MUC1 expression on certain subtype of CRC. However, a high qualified case con-
trolled study with a large sample size explored the effect of MUC1 expression in CRC patients
with different DNA mismatch-repair (MMR) status [45]. The result suggested a positive corre-
lation or tendency of MUC1 expression with node metastasis of MMR-proficient CRC
(OR = 1.06, 95% CI = 0.82–1.34), MLH1-negative CRC (OR = 1.02, 95% CI = 0.44–2.33) and
presumed hereditary non-polyposis colon cancer (HNPCC) (OR = 0.81, 95% CI = 0.23–2.82),
which was almost consistent with the impact of MUC1 expression on the node metastasis of
overall CRC (OR = 1.00, 95% CI = 0.79–1.27) in the study. Further studies are needed to evalu-
ate the different significance of MUC1 in various subtypes of CRC.

Secondly, the NOS scores of the included studies ranged from 4 to 8 with a mean score of
6.3, suggesting the qualities were just acceptable but unsatisfactory. Based on the NOS scores,
the main limitations were focused on the comparability between groups and non-response
rate. The difference in confounding factors, such as age, sex, location and subtype of cancer,
were not reported or compared between case group and control group, which might weaken
the reliability of the results. Given that MUC1 expression was identified by researchers with
experimental methods and was different from other exposure factors such as nicotine and alco-
hol that needed to ask patients to collect the information, the non-response rate might not nec-
essary or applicable for the experimental studies here.

Thirdly, random effect model was used in the meta-analysis of the 15 studies involving CRC
node metastasis and the sensitivity analysis of the 3 studies involving Duke’s stage due to the
potential heterogeneity between studies. However, the results were consistent with those of
other analyses in fixed effect model, suggesting the heterogeneity may not make great differ-
ences in the analyses. Furthermore, publication bias was identified in the meta-analysis of node
metastasis (p = 0.000) by Egger’s test while no bias was found by Begg’s test, which could be
largely attributed to the limited number of included studies. The limitations in sample size,
antibodies used and publication language should also be considered when interpreting the
results in clinical practice.

In conclusion, it is clear that MUC1 expression is significantly correlated with more CRC
metastasis. Despite of some modest bias, the results of this meta-analysis has provided strong
evidence that positive MUC1 expression indicates higher Duke’s stage and more possibility of
node and distant metastasis in CRC patients. MUC1 can be used as a biomarker to identify the
metastatic potential of CRC and also as a promising target for future immunotherapy to
decrease the risk of metastasis and prolong the survival of CRC patients.

MUC1 Predicts Colorectal Cancer Metastasis

PLOS ONE | DOI:10.1371/journal.pone.0138049 September 14, 2015 13 / 17



Supporting Information
S1 File. PRISMA Checklist.
(DOC)

S2 File. Original figures of Figs 2–6 obtained by STATA.
(RAR)

Acknowledgments
We thank all the authors whose studies was included in the meta-analysis and those provided
useful information and suggestions to the review.

Author Contributions
Conceived and designed the experiments: YHZ QWZ YJZ. Performed the experiments: YHZ
YJZ MXL TYZ. Analyzed the data: YJZ YL SJF. Contributed reagents/materials/analysis tools:
QWZ HSS MQH. Wrote the paper: ZYH QWZ. Revised the manuscript critically: HSS.

References
1. Hattrup CL, Gendler SJ. Structure and function of the cell surface (tethered) mucins. Annu Rev Physiol.

2008; 70:431–57. doi: 10.1146/annurev.physiol.70.113006.100659 PMID: 17850209

2. Singh PK, Hollingsworth MA. Cell surface-associated mucins in signal transduction. Trends Cell Biol.
2006; 16(9):467–76. doi: 10.1016/j.tcb.2006.07.006 PMID: 16904320

3. Gendler SJ. MUC1, the renaissance molecule. J Mammary Gland Biol Neoplasia. 2001; 6(3):339–53.
PMID: 11547902

4. Patton S, Gendler SJ, Spicer AP. The epithelial mucin, MUC1, of milk, mammary gland and other tis-
sues. BiochimBiophysActa. 1995; 1241(3):407–23.

5. McAuley JL, Linden SK, Png CW, King RM, Pennington HL, Gendler SJ, et al. MUC1 cell surface
mucin is a critical element of the mucosal barrier to infection. J Clin Invest. 2007; 117(8):2313–24. doi:
10.1172/jci26705 PMID: 17641781

6. Lau SK, Weiss LM, Chu PG. Differential expression of MUC1, MUC2, and MUC5AC in carcinomas of
various sites: an immunohistochemical study. Am J ClinPathol. 2004; 122(1):61–9. doi: 10.1309/9r66-
73qe-c06d-86y4

7. Kufe DW. Mucins in cancer: function, prognosis and therapy. Nat Rev Cancer. 2009; 9(12):874–85. doi:
10.1038/nrc2761 PMID: 19935676

8. Spicer AP, Rowse GJ, Lidner TK, Gendler SJ. Delayed mammary tumor progression in Muc-1 null
mice. J Biol Chem. 1995; 270(50):30093–101. PMID: 8530414

9. Besmer DM, Curry JM, Roy LD, Tinder TL, Sahraei M, Schettini J, et al. Pancreatic ductal adenocarci-
noma mice lacking mucin 1 have a profound defect in tumor growth and metastasis. Cancer Res. 2011;
71(13):4432–42. doi: 10.1158/0008-5472.can-10-4439 PMID: 21558393

10. Bitler BG, Goverdhan A, Schroeder JA. MUC1 regulates nuclear localization and function of the epider-
mal growth factor receptor. J Cell Sci. 2010;123(Pt 10: ):1716–23. doi: 10.1242/jcs.062661

11. Singh PK, Wen Y, Swanson BJ, Shanmugam K, Kazlauskas A, Cerny RL, et al. Platelet-derived growth
factor receptor beta-mediated phosphorylation of MUC1 enhances invasiveness in pancreatic adeno-
carcinoma cells. Cancer Res. 2007; 67(11):5201–10. doi: 10.1158/0008-5472.can-06-4647 PMID:
17545600

12. Luttges J, Feyerabend B, Buchelt T, Pacena M, Kloppel G. The mucin profile of noninvasive and inva-
sive mucinous cystic neoplasms of the pancreas. Am J SurgPathol. 2002; 26(4):466–71.

13. Nakamori S, Ota DM, Cleary KR, Shirotani K, Irimura T. MUC1mucin expression as a marker of pro-
gression and metastasis of human colorectal carcinoma. Gastroenterology. 1994; 106(2):353–61.
PMID: 7905449

14. Kashiwagi H, Kijima H, Dowaki S, Ohtani Y, Tobita K, Tsukui M, et al. DF3 expression in human gall-
bladder carcinoma: significance for lymphatic invasion. Int J Oncol. 2000; 16(3):455–9. PMID:
10675475

MUC1 Predicts Colorectal Cancer Metastasis

PLOS ONE | DOI:10.1371/journal.pone.0138049 September 14, 2015 14 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0138049.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0138049.s002
http://dx.doi.org/10.1146/annurev.physiol.70.113006.100659
http://www.ncbi.nlm.nih.gov/pubmed/17850209
http://dx.doi.org/10.1016/j.tcb.2006.07.006
http://www.ncbi.nlm.nih.gov/pubmed/16904320
http://www.ncbi.nlm.nih.gov/pubmed/11547902
http://dx.doi.org/10.1172/jci26705
http://www.ncbi.nlm.nih.gov/pubmed/17641781
http://dx.doi.org/10.1309/9r66-73qe-c06d-86y4
http://dx.doi.org/10.1309/9r66-73qe-c06d-86y4
http://dx.doi.org/10.1038/nrc2761
http://www.ncbi.nlm.nih.gov/pubmed/19935676
http://www.ncbi.nlm.nih.gov/pubmed/8530414
http://dx.doi.org/10.1158/0008-5472.can-10-4439
http://www.ncbi.nlm.nih.gov/pubmed/21558393
http://dx.doi.org/10.1242/jcs.062661
http://dx.doi.org/10.1158/0008-5472.can-06-4647
http://www.ncbi.nlm.nih.gov/pubmed/17545600
http://www.ncbi.nlm.nih.gov/pubmed/7905449
http://www.ncbi.nlm.nih.gov/pubmed/10675475


15. Costa NR, Paulo P, Caffrey T, Hollingsworth MA, Santos-Silva F. Impact of MUC1mucin downregula-
tion in the phenotypic characteristics of MKN45 gastric carcinoma cell line. PLoS One. 2011; 6(11):
e26970. doi: 10.1371/journal.pone.0026970 PMID: 22073229

16. Hattrup CL, Gendler SJ. MUC1 alters oncogenic events and transcription in human breast cancer cells.
Breast Cancer Res. 2006; 8(4):R37. doi: 10.1186/bcr1515 PMID: 16846534

17. WHO (November 2014). "Cancer". World Health Organization. Available: http://www.who.int/
mediacentre/factsheets/fs297/en/. Accessed 28 January 2015.

18. Brenner H, Kloor M, Pox CP. Colorectal cancer. Lancet. 2014; 383(9927):1490–502. doi: 10.1016/
s0140-6736(13)61649-9 PMID: 24225001

19. Siegel R, DeSantis C, Virgo K, Stein K, Mariotto A, Smith T, et al. Cancer treatment and survivorship
statistics, 2012. CA Cancer J Clin. 2012; 62(4):220–41. doi: 10.3322/caac.21149 PMID: 22700443

20. Ajioka Y, Allison LJ, Jass JR. Significance of MUC1 and MUC2mucin expression in colorectal cancer.
J ClinPathol. 1996; 49(7):560–4.

21. Baldus SE, Monig SP, Huxel S, Landsberg S, Hanisch FG, Engelmann K, et al. MUC1 and Nuclear
(beta)-Catenin Are Coexpressed at the Invasion Front of Colorectal Carcinomas and Are Both Corre-
lated with Tumor Prognosis. Clin Cancer Res. 2004; 10(8):2790–6. PMID: 15102686

22. Hiraga Y, Tanaka S, Haruma K, Yoshihara M, Sumii K, Kajiyama G, et al. Immunoreactive MUC1
expression at the deepest invasive portion correlates with prognosis of colorectal cancer. Oncology.
1998; 55(4):307–19. PMID: 9663420

23. HuangWB, Shi LH, Zhu XQ, Xu GX, Qi Q. Expression of mucin MUC1 and MUC2 in colorectal carci-
noma and their clinical significance. Ai zheng. 2002; 21(11):1231–4. PMID: 12526222

24. Jang KT, Chae SW, Sohn JH, Park HR, Shin HS. Coexpression of MUC1 with p53 or MUC2 correlates
with lymph node metastasis in colorectal carcinomas. J Korean Med Sci. 2002; 17(1):29–33. PMID:
11850585

25. Karamitopoulou E, Zlobec I, Patsouris E, Peros G, Lugli A. Loss of E-cadherin independently predicts
the lymph node status in colorectal cancer. Pathology. 2011; 43(2):133–7. doi: 10.1097/PAT.
0b013e3283425b7f PMID: 21233674

26. Kimura T, Tanaka S, Haruma K, Sumii K, Kajiyama G, Shimamoto F, et al. Clinical significance of
MUC1 and E-cadherin expression, cellular proliferation, and angiogenesis at the deepest invasive por-
tion of colorectal cancer. Int J Oncol. 2000; 16(1):55–64. PMID: 10601549

27. Matsuda K, Masaki T, Watanabe T, Kitayama J, Nagawa H, Muto T, et al. Clinical significance of MUC1
and MUC2mucin and p53 protein expression in colorectal carcinoma. Jpn J ClinOncol. 2000; 30
(2):89–94.

28. Perez RO, Bresciani BH, Bresciani C, Proscurshim I, Kiss D, Gama-Rodrigues J, et al. Mucinous colo-
rectal adenocarcinoma: influence of mucin expression (Muc1, 2 and 5) on clinico-pathological features
and prognosis. Int J Colorectal Dis. 2008; 23(8):757–65. doi: 10.1007/s00384-008-0486-0 PMID:
18458918

29. Yu XW, RongW, Xu FL, Xu GY, Sun YR, Feng MY. Expression and clinical significance of Mucin and
E-cadherin in colorectal tumors. Ai zheng. 2007; 26(11):1204–10. PMID: 17991319

30. Zhang XW, Ma SY, Zhang Y. The expressions and significance of Gal-3 and MUC1 in colorectal can-
cer. Journal of Xi'an Jiaotong University (Medical Sciences). 2014; 35(1):108–10+14.

31. Higgins JPT, Green S, editor. Cochrane handbook for systematic reviews of interventions version 5.1.0
[updated March 2011]. Available: http://www.cochrane-handbook.org. Accessed 1 December 2014.

32. GAWells, B Shea, D O'Connell, J Peterson, VWelch, M Losos, et al. The Newcastle-Ottawa Scale
(NOS) for assessing the quality of nonrandomised studies in meta-analyses. Available: http://www.ohri.
ca/programs/clinical_epidemiology/oxford.asp. Accessed 28 January 2015.

33. Begg CB, Mazumdar M. Operating characteristics of a rank correlation test for publication bias. Bio-
metrics. 1994; 50(4):1088–101. PMID: 7786990

34. Egger M, Davey Smith G, Schneider M, Minder C. Bias in meta-analysis detected by a simple, graphical
test. BMJ. 1997; 315(7109):629–34. PMID: 9310563

35. Khalifa A, ImamM, Shafik M, Mohamed E, Mostafa H. Biochemical studies based on estimation of
tumor markers in patients with metastases. Cancer Molecular Biology. 2001; 8(2):1625–34.

36. ZhangW, TangW, Inagaki Y, Qiu M, Xu HL, Li X, et al. Positive KL-6 mucin expression combined with
decreased membranous beta-catenin expression indicates worse prognosis in colorectal carcinoma.
Oncol Rep. 2008; 20(5):1013–9. PMID: 18949395

37. Huang MY, Wang HM, Chang HJ, Hsiao CP, Wang JY, Lin SR. Overexpression of s100b, tm4sf4, and
olfm4 genes is correlated with liver metastasis in taiwanese colorectal cancer patients. DNA cell biol.
2012; 31(1):43–9. doi: 10.1089/dna.2011.1264 PMID: 22011044

MUC1 Predicts Colorectal Cancer Metastasis

PLOS ONE | DOI:10.1371/journal.pone.0138049 September 14, 2015 15 / 17

http://dx.doi.org/10.1371/journal.pone.0026970
http://www.ncbi.nlm.nih.gov/pubmed/22073229
http://dx.doi.org/10.1186/bcr1515
http://www.ncbi.nlm.nih.gov/pubmed/16846534
http://www.who.int/mediacentre/factsheets/fs297/en/
http://www.who.int/mediacentre/factsheets/fs297/en/
http://dx.doi.org/10.1016/s0140-6736(13)61649-9
http://dx.doi.org/10.1016/s0140-6736(13)61649-9
http://www.ncbi.nlm.nih.gov/pubmed/24225001
http://dx.doi.org/10.3322/caac.21149
http://www.ncbi.nlm.nih.gov/pubmed/22700443
http://www.ncbi.nlm.nih.gov/pubmed/15102686
http://www.ncbi.nlm.nih.gov/pubmed/9663420
http://www.ncbi.nlm.nih.gov/pubmed/12526222
http://www.ncbi.nlm.nih.gov/pubmed/11850585
http://dx.doi.org/10.1097/PAT.0b013e3283425b7f
http://dx.doi.org/10.1097/PAT.0b013e3283425b7f
http://www.ncbi.nlm.nih.gov/pubmed/21233674
http://www.ncbi.nlm.nih.gov/pubmed/10601549
http://dx.doi.org/10.1007/s00384-008-0486-0
http://www.ncbi.nlm.nih.gov/pubmed/18458918
http://www.ncbi.nlm.nih.gov/pubmed/17991319
http://www.cochrane-handbook.org
http://www.ohri.ca/programs/clinical_epidemiology/oxford.asp
http://www.ohri.ca/programs/clinical_epidemiology/oxford.asp
http://www.ncbi.nlm.nih.gov/pubmed/7786990
http://www.ncbi.nlm.nih.gov/pubmed/9310563
http://www.ncbi.nlm.nih.gov/pubmed/18949395
http://dx.doi.org/10.1089/dna.2011.1264
http://www.ncbi.nlm.nih.gov/pubmed/22011044


38. Nakamura H, Hinoda Y, Nakagawa N, Makiguchi Y, Itoh F, Endo T, et al. Detection of circulating anti-
MUC1 mucin core protein antibodies in patients with colorectal cancer. JGastroenterol. 1998; 33
(3):354–61.

39. Duncan TJ, Watson NF, Al-Attar AH, Scholefield JH, Durrant LG. The role of MUC1 and MUC3 in the
biology and prognosis of colorectal cancer. World J SurgOncol. 2007; 5:31. doi: 10.1186/1477-7819-5-
31

40. Baldus SE, Monig SP, Hanisch FG, Zirbes TK, Flucke U, Oelert S, et al. Comparative evaluation of the
prognostic value of MUC1, MUC2, sialyl-Lewisa and sialyl-lewisx antigens in colorectal adenocarci-
noma. Histopathology. 2002; 40(5):440–9. PMID: 12010364

41. Davidson BR, Yiu CY, Styles J, Ormerod M, Clark CG, Dean C. A comparison of carcinoembryonic anti-
gen (CEA) and epithelial membrane antigen (EMA) in human colorectal cancer. Int J Cancer Suppl.
1988; 3:56–60. PMID: 3209300

42. Davidson BR, Sams VR, Styles J, Dean C, Boulos PB. Comparative study of carcinoembryonic antigen
and epithelial membrane antigen expression in normal colon, adenomas and adenocarcinomas of the
colon and rectum. Gut. 1989; 30(9):1260–5. PMID: 2806995

43. Guo Q, TangW, Inagaki Y, Midorikawa Y, Kokudo N, Sugawara Y, et al. Clinical significance of subcel-
lular localization of KL-6 mucin in primary colorectal adenocarcinoma and metastatic tissues. World
JGastroenterol. 2006; 12(1):54–9.

44. Kaneko I, Tanaka S, Oka S, Yoshida S, Hiyama T, Arihiro K, et al. Immunohistochemical molecular
markers as predictors of curability of endoscopically resected submucosal colorectal cancer. World
JGastroenterol. 2007; 13(28):3829–35.

45. Lugli A, Zlobec I, Baker K, Minoo P, Tornillo L, Terracciano L, et al. Prognostic significance of mucins in
colorectal cancer with different DNAmismatch-repair status. JClinPathol. 2007; 60(5):534–9.

46. Mulder WMC, Stukart MJ, DeWindt E, Wagstaff J, Scheper RJ, Bloemena E. Mucin-1-related T cell
infiltration in colorectal carcinoma. Cancer ImmunolImmunother. 1996; 42(6):351–6.

47. Oshima T, Kawasaki T, Ohashi R, Hasegawa G, Jiang S, Umezu H, et al. Downregulated P1 promoter-
driven hepatocyte nuclear factor-4(alpha) expression in human colorectal carcinoma is a new prognos-
tic factor against liver metastasis. Pathol Int. 2007; 57(2):82–90. PMID: 17300672

48. Sahraei M, Roy LD, Curry JM, Teresa TL, Nath S, Besmer D, et al. MUC1 regulates PDGFA expression
during pancreatic cancer progression. Oncogene. 2012; 31(47):4935–45. doi: 10.1038/onc.2011.651
PMID: 22266848

49. Behrens ME, Grandgenett PM, Bailey JM, Singh PK, Yi CH, Yu F, et al. The reactive tumor microenvi-
ronment: MUC1 signaling directly reprograms transcription of CTGF. Oncogene. 2010; 29(42):5667–
77. doi: 10.1038/onc.2010.327 PMID: 20697347

50. Besmer DM, Curry JM, Roy LD, Tinder TL, Sahraei M, Schettini J, et al. Pancreatic ductal adenocarci-
noma mice lacking mucin 1 have a profound defect in tumor growth and metastasis. Cancer Res. 2011;
71(13):4432–42. doi: 10.1158/0008-5472.can-10-4439 PMID: 21558393

51. Chaika NV, Gebregiworgis T, Lewallen ME, Purohit V, Radhakrishnan P, Liu X, et al. MUC1 mucin sta-
bilizes and activates hypoxia-inducible factor 1 alpha to regulate metabolism in pancreatic cancer. Proc
Natl AcadSci U S A. 2012; 109(34):13787–92. doi: 10.1073/pnas.1203339109

52. Roy LD, Sahraei M, Subramani DB, Besmer D, Nath S, Tinder TL, et al. MUC1 enhances invasiveness
of pancreatic cancer cells by inducing epithelial to mesenchymal transition. Oncogene. 2011; 30
(12):1449–59. doi: 10.1038/onc.2010.526 PMID: 21102519

53. Mohr AM, Bailey JM, Lewallen ME, Liu X, Radhakrishnan P, Yu F, et al. MUC1 regulates expression of
multiple microRNAs involved in pancreatic tumor progression, including the miR-200c/141 cluster.
PLoS One. 2013; 8(10):e73306. doi: 10.1371/journal.pone.0073306 PMID: 24143167

54. Hayashi T, Takahashi T, Motoya S, Ishida T, Itoh F, Adachi M, et al. MUC1 mucin core protein binds to
the domain 1 of ICAM-1. Digestion. 2001; 63 Suppl 1:87–92. PMID: 11173916

55. Kitamoto S, Yokoyama S, Higashi M, Yamada N, Takao S, Yonezawa S. MUC1 enhances hypoxia-
driven angiogenesis through the regulation of multiple proangiogenic factors. Oncogene. 2013; 32
(39):4614–21. doi: 10.1038/onc.2012.478 PMID: 23108411

56. Raina D, Kharbanda S, Kufe D. The MUC1 oncoprotein activates the anti-apoptotic phosphoinositide
3-kinase/Akt and Bcl-xL pathways in rat 3Y1 fibroblasts. J Biol Chem. 2004; 279(20):20607–12. doi:
10.1074/jbc.M310538200 PMID: 14999001

57. Yin L, Li Y, Ren J, Kuwahara H, Kufe D. Human MUC1 carcinoma antigen regulates intracellular oxi-
dant levels and the apoptotic response to oxidative stress. J Biol Chem. 2003; 278(37):35458–64. doi:
10.1074/jbc.M301987200 PMID: 12826677

MUC1 Predicts Colorectal Cancer Metastasis

PLOS ONE | DOI:10.1371/journal.pone.0138049 September 14, 2015 16 / 17

http://dx.doi.org/10.1186/1477-7819-5-31
http://dx.doi.org/10.1186/1477-7819-5-31
http://www.ncbi.nlm.nih.gov/pubmed/12010364
http://www.ncbi.nlm.nih.gov/pubmed/3209300
http://www.ncbi.nlm.nih.gov/pubmed/2806995
http://www.ncbi.nlm.nih.gov/pubmed/17300672
http://dx.doi.org/10.1038/onc.2011.651
http://www.ncbi.nlm.nih.gov/pubmed/22266848
http://dx.doi.org/10.1038/onc.2010.327
http://www.ncbi.nlm.nih.gov/pubmed/20697347
http://dx.doi.org/10.1158/0008-5472.can-10-4439
http://www.ncbi.nlm.nih.gov/pubmed/21558393
http://dx.doi.org/10.1073/pnas.1203339109
http://dx.doi.org/10.1038/onc.2010.526
http://www.ncbi.nlm.nih.gov/pubmed/21102519
http://dx.doi.org/10.1371/journal.pone.0073306
http://www.ncbi.nlm.nih.gov/pubmed/24143167
http://www.ncbi.nlm.nih.gov/pubmed/11173916
http://dx.doi.org/10.1038/onc.2012.478
http://www.ncbi.nlm.nih.gov/pubmed/23108411
http://dx.doi.org/10.1074/jbc.M310538200
http://www.ncbi.nlm.nih.gov/pubmed/14999001
http://dx.doi.org/10.1074/jbc.M301987200
http://www.ncbi.nlm.nih.gov/pubmed/12826677


58. Nath S, Daneshvar K, Roy LD, Grover P, Kidiyoor A, Mosley L, et al. MUC1 induces drug resistance in
pancreatic cancer cells via upregulation of multidrug resistance genes. Oncogenesis. 2013; 2:e51. doi:
10.1038/oncsis.2013.16 PMID: 23774063

59. Safi F, Kohler I, Rottinger E, Beger H. The value of the tumor marker CA 15–3 in diagnosing and moni-
toring breast cancer. A comparative study with carcinoembryonic antigen. Cancer. 1991; 68(3):574–82.
PMID: 2065278

60. Winter JM, Tang LH, Klimstra DS, Brennan MF, Brody JR, Rocha FG, et al. A novel survival-based tis-
sue microarray of pancreatic cancer validates MUC1 and mesothelinas biomarkers. PLoS One. 2012;
7(7):e40157. doi: 10.1371/journal.pone.0040157 PMID: 22792233

61. Kovjazin R, Volovitz I, Kundel Y, Rosenbaum E, Medalia G, Horn G, et al. ImMucin: a novel therapeutic
vaccine with promiscuous MHC binding for the treatment of MUC1-expressing tumors. Vaccine. 2011;
29(29–30):4676–86. doi: 10.1016/j.vaccine.2011.04.103 PMID: 21570434

62. Kimura T, McKolanis JR, Dzubinski LA, Islam K, Potter DM, Salazar AM, et al. MUC1 vaccine for indi-
viduals with advanced adenoma of the colon: A cancer immunoprevention feasibility study. Cancer
Prev Res (Phila). 2013; 6(1):18–26. doi: 10.1158/1940-6207.capr-12-0275

63. Beatson RE, Taylor-Papadimitriou J, Burchell JM. MUC1 immunotherapy. Immunotherapy. 2010; 2
(3):305–27. doi: 10.2217/imt.10.17 PMID: 20635898

64. Singh PK, Behrens ME, Eggers JP, Cerny RL, Bailey JM, Shanmugam K et al. Phosphorylation of
MUC1 by Met modulates interaction with p53 and MMP1 expression. J BiolChem. 2008; 283
(40):26985–95. doi: 10.1074/jbc.M805036200

MUC1 Predicts Colorectal Cancer Metastasis

PLOS ONE | DOI:10.1371/journal.pone.0138049 September 14, 2015 17 / 17

http://dx.doi.org/10.1038/oncsis.2013.16
http://www.ncbi.nlm.nih.gov/pubmed/23774063
http://www.ncbi.nlm.nih.gov/pubmed/2065278
http://dx.doi.org/10.1371/journal.pone.0040157
http://www.ncbi.nlm.nih.gov/pubmed/22792233
http://dx.doi.org/10.1016/j.vaccine.2011.04.103
http://www.ncbi.nlm.nih.gov/pubmed/21570434
http://dx.doi.org/10.1158/1940-6207.capr-12-0275
http://dx.doi.org/10.2217/imt.10.17
http://www.ncbi.nlm.nih.gov/pubmed/20635898
http://dx.doi.org/10.1074/jbc.M805036200

