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Abstract: Underglycosylated mucin 1 antigen (uMUC1) is a proven biomarker of cancer progression relevant to 
many malignancies including pancreatic ductal adenocarcinoma (PDAC). However, while ample evidence exists of 
the expression of total MUC1, little is known about the abundance of the underglycolsylated form of the antigen and 
its significance in disease progression. Such knowledge is important because the underglycosylated form of MUC1 
is intimately linked to metastatic potential. Here, we investigated the expression uMUC1 at various stages of PDAC 
including pancreatic intraepithelial neoplasia (PanIN). Immunohistochemical analysis was performed on human 
tissue microarrays (TMAs) containing PDAC and PanIN using monoclonal antibody specific to uMUC1. uMUC1 ex-
pression was analyzed by a traditional pathological scoring system and using automatic imaging analysis software. 
Our results demonstrated low uMUC1 abundance in PanIN lesions and a transient increase in antigen availability in 
stage I PDAC, followed by decreased expression in later stages of the disease. An additional finding was that there 
was intermediate expression of uMUC1 in adjacent normal tissues from PDAC irrespective of the stage. These stud-
ies suggest the intriguing possibility that a pro-metastatic uMUC1 expression signature may appear at early stages 
of PDAC, providing an additional clue about the aggressive nature of pancreatic cancer.
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Introduction

Pancreatic cancer accounts for only 3% of all 
cancer cases in the US. However, it has the 
worse mortality rate within the 5 years after 
diagnosis (98%, http://www.cancer.org/can-
cer/pancreaticcancer/detailedguide/pancreat-
ic-cancer-key-statistics [1]). More than 95% of 
pancreatic cancers represent exocrine tumors 
and most of them are pancreatic ductal adeno-
carcinoma in situ (PDAC) [1]. Currently, surgical 
resection is the only curative intervention for 
patients with PDAC. With the low detection rate 
of resectable lesions at the time of diagnosis 
(10-20%, [2]), about 45,000 newly diagnosed 
cases in 2014 resulted in about 40,000 of 
associated deaths [1]. This is mainly due to the 
lack of methods for early diagnosis and effec-
tive therapeutic intervention for this disease. 

In addition to the highly metastatatic nature of 
pancreatic cancer, it is also highly resistant to 

chemo- and radiotherapies [3, 4]. As a result, 
the 5 year survival rate of pancreatic cancer 
patients of all stages is poor (Stage IA-14%; 
Stage IB-12%; Stage IIA-7%; Stage IIB-5%; Stage 
III-3%; Stage IV-1% [1]. Therefore, the unmet 
clinical need is the development of diagnostic 
and therapeutic tools specifically targeted to 
the early stages of the disease. 

It is known and widely accepted that the type I 
transmembrance glycoprotein, mucin 1 (MUC1; 
CD227) is overexpressed in multiple epithelial 
adenocarcinomas such as breast [5-7], colon 
[8, 9], ovarian [10-12], and pancreatic [13]. 
Further, studies revealed that MUC1 plays an 
important role in the invasiveness [14] and drug 
resistance [15] of pancreatic cancer. Import- 
antly, under normal conditions, MUC1 is heavily 
glycosylated and expressed on the apical sur-
face of glandular epithelial cells. In tumor cells, 
MUC1 is aberrantly underglycosylated (uMUC1: 
underglycosylated MUC1) due to a lack of a 

http://www.ajcr.us


Expression of uMUC1 in pancreatic adenocarcinoma

1987 Am J Cancer Res 2016;6(9):1986-1995

core 1,3-galactosyl-transferase (T-synthase) 
[16]. This modification of the antigen reveals 
epitopes associated with the core protein which 
in the normal cells are masked by oligosaccha-
rides, making it possible to design probes with 
discriminating capacity between normal cells 
and adenocarcinoma cells [17-19]. Based on 
these facts, MUC1 was given a second place 
among 75 tumor-associated antigens priori-
tized by the NCI Translational Research Work 
Group as a target antigen [20]. Clearly, MUC1 
represents an ideal target for developing thera-
peutic and diagnostic methods [21, 22]. 
Therefore, in our search for an early biomarker 
for pancreatic cancer, we focused on the under-
glycosylated mucin 1 (uMUC1) tumor antigen.

We have previously extensively investigated the 
utility of uMUC1 as a biomarker for breast can-
cer progression using histological [5] and imag-
ing [22-25] methods. In clinical specimens 
derived from patients with breast adenocarci-
noma, we found that uMUC1 was translocated 
from apical surface to cytoplasmic space dur-
ing disease progression from the early to late 
stages. In addition, uMUC1 levels were elevat-
ed not only in cancer tissue but also in the nor-
mal adjacent tissues that were classified as 
“cancer free” on the pathology report [5]. We 
believed that aberrant uMUC1 expression in 
adjacent tissues might be crucial to tumor 
recurrence after resection. 

While expression of various mucin core pro-
teins and associated O-linked glycans has been 
studied in primary tumors and metastasis [26], 
the data on uMUC1 expression in PDAC is lack-
ing. At this stage the tumor is still confined to 
the top layers of pancreatic ductal cells and 
has not invaded deeper tissues or spread out-
side of the pancreas. Unfortunately, very few 
pancreatic tumors are found at this stage. Our 
previous studies attempted to detect pancre-
atic adenocarcinoma in animal models using in 
vivo imaging with uMUC1-targeted contrast 
agents [27]. Recently, we demonstrated that 
uMUC1-targeted imaging could inform therapy 
by predicting tumor response in a transgenic 
pancreatic cancer mouse model [28]. However, 
the ability to detect tumors early and further-
more to predict tumor response to therapy 
heavily depends on our knowledge of the tar-
geted antigen expression. 

In the present study, we aimed to investigate 
the expression profiles of uMUC1 at various 
stages of PDAC including pancreatic intraepi-
thelial neoplasia (PanIN) as well as in the adja-
cent tissues. Immunohistochemical analysis 
was performed on human tissue microarrays 
(TMAs) containing PDAC and PanIN using mono-
clonal antibody specific to uMUC1. The uMUC1 
expression profiles were analyzed by traditional 
pathological scoring system and using auto-
matic imaging analysis software. Our results 
demonstrated low uMUC1 abundance in PanIN 
lesions and a transient increase in antigen 
availability in stage I PDAC, followed by decr- 
eased expression in later stages of the disease. 
Noteworthy, there was intermediate expression 
of uMUC1 in adjacent normal tissues from 
PDAC irrespective of the stage.

Materials and methods

Tissue microarray (TMA) construction

Tissue microarrays (TMAs) constructed of hum- 
an pancreatic epithelial tissues were obtained 
from US Biomax, Inc. (Rockville, MD). Each con-
tained 5 μm-thick slices of formalin-fixed paraf-
fin-embedded samples representing various 
stages of pancreatic intraepithelial neoplasia 
(PanIN), pancreas ductal adenocarcinomas 
(PDAC), and adjacent tissues. Three types of 
normal adjacent tissues (NATs) included nor-
mal adjacent tissue, chronic pancreatitis, and 
acute pancreatitis as determined by patholo- 
gist. 

Immunohistochemical (IHC) staining for hu-
man uMUC1

For better adhesion of the tissue sections on 
TMAs to the charged glass slides, samples 
were heated to 60°C for 15 min. Before pro-
ceeding to the staining, the slides were depar-
affinized in xylene and then rehydrated in the 
sequence of ethanol solutions (100%, 95%, 
75%, and 50%) followed by distilled water. To 
unmask the antigen, the samples were incu-
bated in citrate buffer (10 mM sodium citrate, 
pH. 6.0, Sigma-Aldrich, St. Louis, MO) at 100°C 
for 5 min and cooled down to room tempera-
ture. To reduce the nonspecific staining due to 
endogenous peroxidase, the samples were 
treated with 3% hydrogen peroxide (Sigma). The 
samples were then washed twice with Tris-
based buffered saline containing 0.1% Tween-
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20 (TBST) for 5 min and incubated with 3% goat 
serum in TBST for 1 h at room temperature 
(R.T.). To stain for human uMUC1 antigen, the 
samples were incubated overnight at 4°C with 
a mouse monoclonal anti-MUC1 antibody that 
specifically targets human uMUC1 tandem 
repeats (clone: VU4H5; 1:200 in TBST with 3% 
goat serum; Cell Signaling, Danvers, MA). After 
rinsing with TBST, the samples were incubated 
with horseradish peroxidase (HRP)-conjugated 
goat anti-mouse IgG antibody (1:100 in TBST 
with 3% goat serum; Sigma) for 1 h at R.T. Then 
the samples were washed twice with TBST and 
the signal was revealed by incubation with 3, 
3’-diaminobenzidine (DAB; Abcam, Cambridge, 
MA) for 10 min at R.T. The slides were counter-
stained with Harris’ hematoxylin (Sigma) for 30 
sec. TMAs were then dehydrated through the 
sequence of ethanol solutions (50%, 75%, 
95%, and 100%) and xylene. After mounting 
TMAs with cover slides, the sections were first 
analyzed under a Nikon Eclipse 50i microscope 

(Nikon Instruments Inc., Melville, NY, USA) and 
then scanned using a Tissue FAXS scanning 
system (Tissue Gnostics, Austria) attached to a 
Zeiss Axio Observer Z1 microscope (Zeiss, 
Germany) at the Imaging Core facilities of 
Rogan institute (Cambridge, MA) as described 
below.

Histopathology scoring

A histopathological scoring system was devel-
oped to assess the expression of human 
uMUC1 during the progression of PDAC. To min-
imize the bias that could result from visual 
observation and to enhance the confidence 
level, we used an ImageJ-assisted image quan-
tification method (Figure 1). Briefly, images of 
DAB-stained TMAs were first acquired using a 
Nikon microscope with 100× objective and pro-
cessed through interactive 3D surface plot in 
the ImageJ plugin package. The DAB staining 
intensity of the ductal regions or regions of 

Figure 1. ImageJ-assisted scoring method for evaluating the staining intensity. 3D rendering was applied to the 
images of IHC-stained tissue. ROIs (white boxes) of the background (left) and ductal adenocarcinoma (right) were 
selected. To enhance the visualization of signal intensity, 3D rendered images were color-coded. Scoring was as-
signed according to the color scale (red: 5; pink: 4; purple: 3; blue: 2; light blue: 1).
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interest (ROIs) were determined by the spec-
trum lookup table (LUT) via 3D rendering imag-
es. The highest intensity in long wavelength 
spectrum (red) was scored as 5 whereas the 
background intensity in short wavelength spec-
trum (blue) was scored as 0. Data were 
expressed as an average score of the ROIs on 
PDAC slides of the same stage. 

FACS-like single cell analysis for human 
uMUC1 expression by HistoQuest software

To further evaluate human uMUC1 expression 
at the cellular level at different stages of PDAC, 
IHC-stained TMAs were scanned using 200× 
objective of a Tissue FAXS acquisition system 
(Tissue Gnostics, Austria) attached to a Zeiss 
Axio Observer Z1 microscope. Images from 
TissueFAXS were imported into automatic 
imaging analysis software, HistoQuest (Tissue 
Gnostics, Austria). The ROIs of the lesion sites 
were visually determined and manually select-
ed. The cell population was identified by hema-
toxilin nucleus staining in selected ROIs. This 
approach can separate hematoxylin and uMU1-
DAB stains by the optical density (OD) of each 
pixel in individual cell. The abundance of 
uMUC1 expression was evaluated by DAB 
intensity of each hematoxilin-positive cell in 
corresponding ROIs by this color separation 
method (Figure 2). Using this method, a FACS-
like scattergram data were generated by Prism 
6.0 software (GraphPad, La Jolla, CA) present-
ing DAB intensity as a function of hematoxilin 

as mean ± SD. Unpaired two-tailed Student’s t 
test was used for comparison of two variables. 
P values less than 0.05 were considered 
significant.

Results

uMUC1 expression in early pancreatic intraepi-
thelial neoplasia (PanIN)

Pancreatic intraepithelial neoplasia (PanIN) is a 
term for the pancreatic intraductal prolifera-
tion, which is believed to be a precursor of inva-
sive pancreatic ductal adenocarcinoma (PDAC) 
[29]. Morphologically, PanINs are categorized 
into four types (1A, 1B, 2, and 3). PanIN-1A dis-
plays as a flat lesion with certain degree of 
hyperplasia whereas Pan-IN-1B is a papillary 
lesion without abnormal nucleus. PanIN-2 dis-
plays both architectural abnormality such as 
papillary lesion and cytological abnormality 
including loss of polarity, nuclear crowding, 
enlarged nuclei, pseudo-stratification and hy- 
perchromatism. Finally, PanIN-3 displays higher 
degree of cytological abnormality compared to 
PanIN-2. 

To investigate the expression of human uMUC1 
in PanINs, we stained the TMA (Cat# BIC- 
14011a; US Biomax) containing PanINs and 
the early stage PDAC with antibody against 
human uMUC1. As shown in Figure 3, low levels 
of uMUC1 were detected in PanIN-3 but the 
expression was negligible in PanIN-1 and Pan- 

Figure 2. HistoQuest image analysis 
of uMUC1 expression in single cell 
populations defined by hematoxilin 
nucleus staining. uMUC1 expression 
was determined by DAB intensity in 
membranous and cytosolic regions of 
each hematoxilin-positive cell.

intensity on x-axis. As a 
result, the distribution of 
uMUC1 expression at vari-
ous stages of PDAC was 
obtained. To determine the 
staining intensity of uMU- 
C1, we defined the optical 
density of each individual 
cell using the following 
threshold: low DAB intensi-
ty = less than 50; interme-
diate DAB intensity = higher 
or equal to 50 but less than 
100; high DAB intensity: 
higher or equal to 100. 

Statistical analysis

Prism 6.0 software was 
used for statistical analy-
sis. Data are represented 
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IN-2. In contrast, uMUC1 was present strongly 
in the early stages of pancreatic ductal adeno-
carcinoma (PDAC), indicating that uMUC1 is a 
useful biomarker for the emergence of PDAC. 

Detection of uMUC1 in various stages of pan-
creatic ductal adenocarcinoma (PDAC)

As a second step towards the validation of 
uMUC1 as a biomarker of disease progression 
in PDAC, we investigated the correlation be- 
tween uMUC1 expression and PDAC stage. 
Histologically, PDACs are graded as well differ-

entiated, moderately differentiated, and poorly 
differentiated. Samples from the patients with 
stage I of PDAC exhibited a well-differentiated 
and clear glandular pattern with a high staining 
level of uMUC1 that appeared to be in both the 
cytosolic and membranous regions. This broad 
distribution was consistent with the reported 
literature [30]. In stage II of PDAC, the morphol-
ogy of the ducts displayed an increasing archi-
tectural disorganization and dysplastic growth 
(Figure 4). Compared to stage I, decreased 
uMUC1 expression was observed in this stage 

Figure 3. IHC staining for uMUC1 in PanIN tissues and stage 1 PDAC tissue. Original magnification; 100×.

Figure 4. IHC staining for uMUC1 in PDAC (cancerous tissue), cancer adjacent tissue, and normal pancreatic tissue. 
Original magnification; top and bottom rows-100×; middle row-400×.
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of PDAC. In the later stages of PDAC (stages III 
and IV), the enlarged ductal architecture disap-
peared and poorly differentiated distribution of 
the adenocarcinoma was observed. Also, the 
presence of nuclear atypia and desmoplasia 
appeared which are classic characteristics of 
the invasive nature of the lesion. The expres-
sion of uMUC1 in these samples varied signifi-
cantly. Overall, uMUC1 expression decreased 
with disease progression. In addition, uMUC1 
expression stayed at intermediate levels in the 
adjacent tissues irrespective to their inflamma-
tion levels and the disease stages of the pri-
mary tumors. Visually, the expression in normal 
pancreas was similar to adjacent tissues.

Histopathology scoring

To evaluate uMUC1 expression level, we applied 
an ImageJ-assisted method for histopathologi-
cal scoring of intensity of IHC-stained TMA sam-
ples. In cancer adjacent tissues we scored the 
overall staining intensity whereas in tumor tis-
sues we scored the average intensity of all the 
ducts appearing on each individual sample. As 
shown in Figure 5, the adjacent tissue and the 
stage I PDAC showed significantly higher stain-

ing intensity than the later stages of PDAC 
(P<0.05). Due to the small sample size of later 
stages, we could not assign a significant differ-
ence to uMUC1 expression between stages II 
and III (P = 0.07). However, there was a clear 
transition in uMUC1 expression from early stag-
es (I and II) to later stages (III and IV). In addi-
tion, based on the TNM staging system provid-
ed by US Biomax (TMA# PA811; http://www.
biomax.us/tissue-arrays/Pancreas/PA811), 
regional lymph node metastasis was observed 
in all stage III PDAC samples whereas distal 
organ metastasis was observed in all stage IV 
PDAC samples. This could point to correlation 
between the reduction of uMUC1 expression 
and the initiation of invasiveness of PDAC. 

FACS-like single cell analysis of uMUC1 expres-
sion by HistoQuest

To evaluate uMUC1 expression in individual cell 
of PDAC during disease progression, lesion 
areas were selected using HistoQuest software 
and the signal intensities of hematoxilin and 
DAB were recorded. The expression levels of 
uMUC1 were defined by the DAB signal intensi-
ty as described in Materials and Methods. In 
the stage I PDAC lesion, over 64% of the PDAC 
cells expressed high level of uMUC1 (Figure 
6A). During disease progression, the expres-
sion levels of uMUC1 decreased. This result 
was consistent with the previous visual histo-
logical scoring results (Figure 5). In the adja-
cent tissues, the expression of uMUC1 
appeared to be at the intermediate to high 
level. Interestingly, in the adjacent tissues with 
acute inflammatory condition, uMUC1 expres-
sion was higher than that in the adjacent tis-
sues with normal or chronic inflammatory con-
ditions (Figure 6B). 

Combining all the data, we summarized the 
results in Figure 5C. The expression level of 
uMUC1 of individual PDAC cells decreased with 
tumor progression while uMUC1 expression 
level remained intermediate throughout the 
adjacent tissues. The results in adjacent tis-
sues obtained by single cell analysis were 
slightly different than the visual scoring data 
(Figure 5). Previously, we observed that the 
overall uMUC1 expression in adjacent tissues 
was slightly higher but not significantly different 
than stage I PDAC, which was not the case with 
our results from HistoQuest imaging analysis. 

Figure 5. ImageJ-assisted visual scoring of uMUC1 
expression. P values of unpaired two-tailed Student 
t-test of group comparison are shown in the table.
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Based on these results we conclude that the 
computational image analysis can provide less 

subjective and more accurate results than visu-
al histological evaluation. 

Figure 6. Automatic image analysis of the staining intensity using HistoQuest software. A. Representative image of 
various stages of PDAC and the corresponding scattergram of DAB and hematoxilin intensities of all PDAC samples. 
The graph was constructed using the data combined from multiple specimens (Stage I: n = 10; Stage II: n = 14; 
Stage III: n = 4; Stage IV: n = 4). B. Representative image of adjacent tissue under normal or inflammatory condi-
tions and the corresponding scattergram of DAB and hematoxilin intensities of adjacent tissue samples. The graph 
was constructed using the data combined from multiple specimens (NAT: n = 7; chronic pancreatitis: n = 4; acute 
pancreatitis: n = 3). C. Overall uMUC1 expression in normal adjacent tissues (including normal adjacent and pan-
creatitis) and PDAC. Bottom table indicates percentage of cell populations with low, intermediate, and high expres-
sion levels of uMUC1. The total number of cells and specimens used for the data analysis is included in the table. 
Original magnification in all images-100×.
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Discussion

Protein glycosylation is a posttranslational pro-
cess playing a crucial role in protein folding and 
trafficking, cell-cell interaction [31], cell signal-
ing, and immune response [32]. Based on the 
SwissProt database, more than 50% of human 
proteins undergo this specific process [33]. 
Aberrant glycosylation was commonly observed 
in cancer cells. However, it is a debate whether 
aberrant glycosylation is a result or a cause of 
cancer [34]. Overexpression of uMUC1, a large, 
type I transmembrane glycoprotein, has been 
reported in multiple cancers. Particularly for 
pancreatic adenocarcinoma, overexpression of 
uMUC1 is significantly associated with tumor 
growth and invasiveness [35]. 

However, while most of the literature focuses 
on the aberrant expression of MUC1 in cancer, 
there is lack of discussion about the role of the 
hypoglycosylation or underglycosylation of MU- 
C1 in cancer progression. The underglycosylat-
ed form of the antigen, in contrast to the total 
abundance of the antigen, represents a novel 
and distinct biomarker of disease progression 
due to the link between underglycosylation and 
cell-stroma/cell-cell adhesion. Namely, the un- 
derglycosylated MUC1 is known to serve as an 
anchor for cancer cells during metastasis. It 
interacts with selectins (E- and P-selectins) and 
ICAM-1, which facilitates the interaction betw- 
een cancer cells and components of the extra-
cellular matrix and vascular endothelium [36]. 

Here, our focal point was on the role of uMUC1 
in PDAC progression. We used immunohisto-
chemical analysis of PDAC TMAs to identify 
changes in uMUC1 expression and distribution 
with disease progression. The upregulation of 
uMUC1 was absent in PanIN-1 and PanIN-2 and 
expressed at low levels in PanIN-3. This indi-
cated that uMUC1 might not serve as a useful 
biomarker of early dysplasia. 

Interestingly, uMUC1 abundance reached a 
peak at stage I of PDAC while still minimal archi-
tectural disorganization and dysplastic growth 
were observed. In addition, the redistribution of 
uMUC1 cellular expression from the apical sur-
face to the cytoplasm and cell membrane was 
already detected at this stage. On the other 
hand, the uMUC1 expression level varied sig-
nificantly at Stage III. Reduced uMUC1 expres-
sion relative to stage I was observed in the later 

stage of invasive PDAC (Stage IV). This observa-
tion may indicate a transient upregulation of 
uMUC1 with the emergence of overt malignan-
cy, followed by a decrease in the abundance of 
the antigen, possibly through a currently un- 
known compensatory mechanism. 

Nevertheless, these results are consistent with 
a model according to which underglycosylated 
uMUC1, through its exposure of selectin-bind-
ing glycoproteins (sialyl Lewis), promotes inter-
actions between the cancer cell and tumor 
stromal or endothelial cells. These interactions 
are known to play a crucial part in the early 
stages of metastasis. A key event is the binding 
of uMUC1 to ICAM-1 and E-selectin, which pro-
motes the capacity of cancer cells to migrate 
through the microenvironment by enhancing 
the association with the local blood vessel 
endothelium [37].

These findings suggest an interesting phenom-
enon that is specific to PDAC. In particular, 
while in most cancers, uMUC1 is typically 
upregulated on cells that are overtly metastat-
ic, in PDAC, uMUC1 is upregulated at stage I. 
The earlier time point of uMUC1 upregulation in 
PDAC may signify a different, more aggressive 
timeline of progression to malignancy in pan-
creatic cancer, according to which tumor cells 
initiate the process of metastasis/invasive-
ness at early stages of transformation.

An additional observation was that the upregu-
lation of uMUC1 in the adjacent tissues was 
present regardless of the stages of the nearby 
tumor tissue. This observation was similar to 
the finding in our previous breast cancer study 
[5]. There is a possibility that these abnormali-
ties can be associated with the transformation 
of the surrounding microenvironment of the 
lesion in what is known as the field effect. 

We further analyzed the TMAs with HistoQuest, 
an automatic imaging analysis software. The 
advantage of using this method is to minimize 
the visual bias from the observers. At the same 
time, a single cell expression profile was gener-
ated via FACS-like scattergram. The expression 
profiles of uMUC1 in PDAC were consistent to 
the visual scoring results. The difference betw- 
een the two methods was the uMUC1 expres-
sion in adjacent tissues. The reason behind this 
might be the higher background of the counter-
staining in the inflammatory adjacent tissues. 
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As a result, the visual scoring indicated higher 
expression of uMUC1. By contrast, the auto-
matic imaging analysis only acquired the DAB 
color intensity as intermediate in these adja-
cent tissues. Along with this finding, the sys-
tematic tissue analysis protocol provided faster 
and accurate imaging analysis especially on 
the big data set such as TMAs. 

Altogether, our findings suggested that uMUC1 
could serve as biomarker for the diagnosis the 
early stage of PDAC. In addition it could fore-
cast disease based on the emergence of 
uMUC1 overexpressing cells in adjacent normal 
tissues. 
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