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Abstract
The frequency of a splice variant of mucin 1 (MUC1), MUC1/A was lower in dry eye disease
patients compared to normal controls, suggesting a link between the absence of MUC1/A and the
development of dry eye disease which is characterized by chronic inflammation. The objectives of
the present study were to clone and characterize the phenotype of cells expressing solely MUC1/A
versus MUC1/B or a variant lacking the extracellular domain (ΔEX) and to determine whether
MUC1/A and MUC1/B differentially modulate inflammatory responses in transfected cells. The
additional 27 bp and SNP present in the N-terminus of MUC1/A were cloned into a FLAG-
MUC1/B expression vector. Transient transfection of MUC1/A and MUC1/B plasmids into
MUC1-null COS-7 cells resulted in similar protein expression and plasma membrane localization.
MUC1/B and MUC1/A differed in their ability to modulate tumor necrosis α (TNFα)-induced
transcription of IL-1β and IL-8. MUC1/B and MUC1/A inhibited IL-8 induction by TNFα at 4 h.
However with 24 h TNFα, MUC1/A increased IL-1β and IL-8 whereas MUC1/B had no effect on
cytokine expression. MUC1/B inhibited TNFα-induced luciferase activity from an NF-κB reporter
whereas MUC1/A either inhibited or increased this luciferase activity depending on the time of
TNFα treatment. MUC1/A, but not MUC1/B, increased the basal TGFβ expression. Both MUC1/
B and MUC1/A blocked TNFα-induced miR-21 expression. These data demonstrate that MUC1/A
and MUC1/B have different inflammatory activities and support the hypothesis that MUC1
genotypic differences may affect susceptibility to ocular surface damage in dry eye disease.
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Introduction
Mucin 1 (MUC1) is a membrane-bound glycoprotein expressed at the apical border of
epithelial cells (Kufe et al., 1984). MUC1 undergoes autoproteolysis generating two
subunits: 1) the >250 kDa N-terminal extracellular domain (MUC1-N) and 2) the ~25 kDa
C-terminal cytoplasmic domain (MUC1-CD) (Levitin et al., 2005; Macao et al., 2006). The
MUC1-N subunit contains the plasma membrane localization signal sequence and a variable
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number of 20 aa tandem repeats (VNTR) that are extensively O-glycosylated (Gendler et al.,
1990). The MUC1-CD includes a 58 aa extracellular domain, 28 aa transmembrane (TM)
domain, and 72 aa cytoplasmic tail (MUC1.CT). The two subunits of MUC1 form a stable
non-covalent heterodimer localized to the plasma membrane. The fully glycosylated MUC1-
N extends above the glycocalyx forming a physical barrier protecting cells from damage
induced by changes in pH, reactive oxygen species (ROS), pathogens, physical interactions
and stresses (Hollingsworth and Swanson, 2004). MUC1-N is further cleaved and released
as a soluble protein (the ectodomain) into the surrounding fluid, leaving the MUC1-CD free
to interact with putative partners in the plasma membrane or to move to different cellular
compartments, e.g., cytoplasm, nucleus, and mitochondria (Abe and Kufe, 1989). The highly
conserved MUC1.CT contains tyrosine, threonine and serine residues that are potential
phosphorylation sites located within Src homology-2 and non-Src homology docking sites
(Park et al., 1996; Wang et al., 2003; Zrihan-Licht et al., 1994). Depending on the
phosphorylation pattern, MUC1.CT interacts with cytoplasmic and nuclear proteins
including transcription factors altering their activities (Carson, 2008; Gendler, 2001;
Hollingsworth and Swanson, 2004).

At least twelve splice variants of MUC1 have been described (Williams et al., 1999). We
reported that MUC1/A was reduced in the non-Sjögrens aqueous deficient dry eye and
concluded that the lack of expression of MUC1/A is one factor involved in susceptibility to
dry eye disease (Imbert et al., 2006). Likewise, differential expression of MUC1/A and
MUC1/B have been demonstrated in prostate, ovarian and breast cancer (Obermair et al.,
2002; Schmid et al., 2003; Strawbridge et al., 2008). However, the mechanism by which
MUC1/A and MUC1/B may contribute to the pathogenesis of dry eye disease and cancer is
unknown.

The MUC1/A splice variant differs from the MUC1/B form by having an additional 9 aa
within the MUC1-N domain (Figure 1). This additional sequence is predicted to change the
signal peptidase cleavage site, thereby altering the localization signal within the amino
terminus (Ligtenberg et al., 1990; Wreschner et al., 1990), and potentially changing its
intracellular trafficking and/or subsequent processing. Although much is known about how
the MUC1 CT regulates signal transduction (Jonckheere and Van Seuningen, 2010) the
contribution of MUC1-N in the cell signaling properties of MUC1 is poorly understood. The
impact of the 9 additional aa in the MUC1-N in MUC1/A versus MUC1/B on the
intracellular localization and signaling functions of MUC1 has not been examined.

The goal of this study was to characterize for the first time the phenotype of cells expressing
MUC1/A versus MUC1/B and to elucidate the roles of these splice variants in cellular
responses to tumor necrosis factor alpha (TNFα). The importance of examining MUC1
splice variants in the context of an inflammatory signal is two-fold: first, MUC1 regulates
inflammatory responses via modulation of the NF-κB pathway in vitro and in vivo (Ahmad
et al., 2007; Lu et al., 2006; Ueno et al., 2008). Second, dry eye disease is an inflammatory
disorder affecting the ocular surface (Pflugfelder, 2004). Thus, determining if MUC1/A and
MUC1/B splice variants differentially regulate inflammatory mediators may provide insight
into the pathogenesis of dry eye disease. In this report, we demonstrate that MUC1/B and
MUC1/A splice variants differ in their ability to modulate certain TNFα-induced
inflammatory responses.
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2. Materials and methods
2.1. Cell Culture

COS-7 cells were purchased from ATCC (Manassas, VA, USA). COS-7 cells were
maintained in DMEM supplemented with 10% fetal bovine serum (FBS) Invitrogen,
Carlsbad, CA, USA).

2.2. Plasmids and MUC1/A cloning
The MUC1/B and MUC1ΔEX in pCMV-DNA3 constructs were a kind gift from J.A.
Schroeder, Arizona Cancer Center. MUC1/B cDNA was originally cloned by M.A.
Hollingsworth at the University of Nebraska Medical Center (Burdick et al., 1997). MUC1/
B cDNA was subcloned into HindIII/EcoRI sites of Litmus38i vector (New England Biolabs
(NEB), Beverly, MA, USA). MUC1/B in Litmus38i was digested with XmnI and BsmI
(NEB). The additional 27 bp present in the MUC1/A variant was cloned into XmnI and BsmI
sites of MUC1/B using In-Fusion cloning (Clontech, Mountain View, C, USA). Briefly, a
262 bp fragment containing the 27 bp corresponding to the MUC1/A splice variant (Imbert
et al., 2006; Imbert et al., 2009) was generated by PCR using cDNA from a MUC1/A
homozygous donor and primers: 5’-CCT GCC TGA ATC TGT TCT GC-3’ (forward) and
5’-CTG GAG AGT ACG CTG CTG GT-3’ (reverse) that flank the XmnI and BsmI sites in
exons 1 and 2 of the MUC1 gene, respectively. The PCR product was ligated into pCR®-
Blunt II-TOPO® vector (Invitrogen). In-Fusion PCR was performed to generate a 252 bp
product using pCR®-Blunt II-TOPO® vector as a template and the following primers: 5’-
CAG CGC CTG CCT GAA TCT GTT CTG CCC CCT CCC CA-3’ (forward) and 5’-TCA
TCC TTG TAA TCA GCA TTC TTC TCA GTA GAG CT-3’ (reverse). In-Fusion Dry
Down reaction (Clontech) was used to ligate MUC1/A into the MUC1/B Litmus vector.
Plasmid DNA from clones was sequenced to confirm the full length MUC1/A sequence in
pCDNA3.

2.3. Transfection of COS-7 cells
Cells seeded in six-well plates were transfected with 1μg of MUC1/A, MUC1/B,
MUC1ΔEX or pCDNA3 (empty vector, EV) using FuGENE 6 (Roche, Indianapolis, IN,
USA). FACS — Transfected COS-7 cells were harvested at 24, 48 and 72 h and stained
using M2 anti-FLAG antibody (M2, Sigma, St. Louis, MO, USA) diluted (1:1000) in PBS
containing 5 % FBS and sodium azide. Stained cells were analyzed using a FACS calibur
(Becton Dickinson). Cell Quest Software 1.2.2 was used for acquisition and analysis of each
cell sample (n = 10,000).

2.4. WCE and western blotting
WCE were prepared by incubating the cells for 30 min in lysis buffer (20 mM Tris pH 7.5,
150 mM NaCl, 1 % NP40 and 5 mM EDTA pH 8.0) containing protease inhibitors (Roche).
Protein concentrations were determined by a BioRad assay (BioRad, Hercules, CA, USA).
Proteins were separated on 14 % Tris-Glycine gels (Invitrogen) and transferred to PVDF
membranes (Millipore, Billerica, MA, USA). The membranes were immunoblotted with the
following antibodies: Armenian hamster against MUC1-CD (CT2, Thermo Scientific), β-
actin (Sigma), TGFβ (Cell Signaling, Beverly, MA), DF3 against MUC1-N (Signet,
Berkeley, CA, USA). HyGlo chemiluminescent HRP antibody detection reagent (Denville
Scientific, Metuchen, NJ, USA) was used to detect bands on Kodak BioMax ML film
(Eastman Kodak, Rochester, NY, USA). Resulting immunoblots were scanned using a
Microtek ScanMaker i800 scanner. Un-Scan-It 6.1 for Windows (Silk Scientific, Orem, UT,
USA) was used to quantitate the integrated optical densities (IOD) for each band and
analyze the relative immunoreactive proteins as described (Dougherty et al., 2006).

Imbert-Fernandez et al. Page 3

Exp Eye Res. Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2.5. Immunofluorescence
Cells were seeded onto glass coverslips and transfected with MUC1/A, MUC1/B,
MUC1ΔEX or pCDNA3 (empty vector, EV) as above. Cells were washed once with PBS
and chilled on ice for 10 min. The cells were then incubated in cold 5 % MEM with M2
anti-FLAG antibody (Sigma) at a dilution of 1:1000 for 1 h at 4 °C. After incubation with
the primary antibody, the cells were incubated with goat anti-mouse DyLight 488
conjugated (Invitrogen) and wheat germ agglutinin (WGA) Alexa Fluor 633 conjugated
(Invitrogen), both diluted 1:200 in cold 5 % MEM. The cells were then fixed on ice for 15
min in 4% paraformaldehyde and mounted with ProLong Anti-fade (Invitrogen). Images
were captured using an Olympus FV1000 confocal microscope.

2.6. RNA isolation, RT-PCR, and quantitative real-time RT-PCR (QRT-PCR)
Total RNA was extracted using RNeasy micro columns (QIAGEN, Valencia, CA, USA).
Reverse transcription was performed by using random hexamers and the High-Capacity
cDNA Archive Kit (Applied Biosystems, Foster City, CA, USA). QRT-PCR was performed
with the ABI PRISM 7900 SDS 2.1 by relative quantification with standard thermal cycler
conditions. TaqMan primers and probes for IL-1β, IL-8, TGFβ, PDCD4 and control gene
18S rRNA were purchased as Assays-on-DemandTM Gene Expression Products (Applied
Biosystems). Expression of each gene was determined in triplicate and normalized to 18S
rRNA. Analysis and fold differences were determined using the comparative CT method.
Unless otherwise indicated, fold change was calculated from the ΔΔCT values with the
formula 2−ΔΔCT. Experiments were repeated 3–4 times and values averaged.

2.7. ELISA
COS-7 cells were transfected with EV, MUC1/A, MUC1/B or MUC1ΔEX expression
vectors. After 48 h incubation, cells were treated with 10 ng/ml TNFα (Prepotech, Rocky
Hill, NJ, USA) for 24 h and media was collected. The media was concentrated using
Amicon ultra 10K centrifugation columns (Millipore). IL-8 quantification was performed
using a kit from BD Biosciences c

2.8. NF-κB Luciferase reporter assay
COS-7 cells were transfected in 24-well plates as described above. Each well received 250
ng of a NF-κB luciferase reporter (Promega, Fitchburg, WI, USA), 5 ng of a Renilla
luciferase reporter (pRL-tk, Promega) and 500 ng plasmid DNA for EV, MUC1/A, MUC1/B
or MUC1ΔEX. 48 h after transfection, triplicate wells were left untreated or treated with 1
or 10 ng/ml TNFα. The cells were harvested 4 and 24 h after treatment using Promega’s
Passive Lysis buffer. Luciferase and Renilla luciferase activities were determined using
Promega’s Dual Luciferase assay (Dougherty et al., 2006).

2.9. miRNA isolation and QRT-PCR
COS-7 cells were transfected as described above. 48 h after transfection, cells were treated
with 10 ng/ml TNFα (PrepoTech) for 24 h. RNA was extracted using the miRCURY
miRNA isolation kit (Exiqon, Copenhagen, Denmark). QPCR performed using the
miRCURY LNATM SYBR Green master mix using the primer set for miR-21 (Exiqon). 5S
RNA was used for normalization of miRNA expression. Analysis and fold change was
determined using the comparative threshold cycle (Ct) method.

2.10. MUC1 ectodomain release
Conditioned media was collected from transfected COS-7 grown in 6-well plates and treated
with 1 or 10 ng/ml TNFα for 24 h. 500 μl of media was concentrated to 15 μl using Amicon
ultra 10K columns (Millipore). 13 μl of conditioned media was separated on 3–8% Tris-
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Acetate gels (Invitrogen) and immunoblotted with DF3 Mab (Signet) to MUC1-N.
Coomassie stain (Sigma) was performed following standard protocol.

2.11. Statistical analyses
Results are expressed as mean ± S.E.M of 3–5 independent experiments, each treatment was
done in triplicate. Student's t test was performed when indicated (Graph Pad Prism). p < 0.05
was considered significant.

3. Results
3.1. Expression of MUC1/A and MUC1/B splice variants in COS-7 cells

To determine the functional consequence of the extra 9 aa present at the MUC1-N domain of
MUC1/A, MUC1/A was cloned (data not shown, Fig. 1A) and its cellular distribution
compared with MUC1/B in transfected COS-7 (MUC1-null) cells The transfection
efficiency and MUC1/A and MUC1/B protein expression was determined by flow cytometry
(Fig. 1B) and western blot using an antibody specific for the MUC1-CD (Fig. 1C). Although
MUC1/B was reported to be localized to the plasma membrane (PM) in transfected cells
(Schroeder et al., 2001), this is the first evaluation of the cellular localization of MUC1/A.
Cell surface MUC1/A and MUC1/B expression was detected in ~ 20–35 % of the cells 24–
72 h after transfection (Fig. 1B). These results indicate that MUC1/A and MUC1/B localized
to the PM, as seen for native MUC1/B in epithelial cells (Argueso et al., 2009). MUC1/A
and MUC1/B protein expression in COS-7 cells 24, 48 and 72 h post-transfection was
similar (Fig. 1C), confirming the FACS data. Endogenous MUC1 in MCF-7 human breast
cancer cells, which have high MUC1 (Wei et al., 2006), is shown for comparison. The
highest expression of MUC1/A and MUC1/B was achieved 48 h after transfection. Thus,
this time of transfection was used for further experiments. Overexpression of MUC1/A and
MUC-1B had no effect on COS-7 viability (Supplementary Fig. 1).

Immunocytochemistry was performed on nonpermeabilized COS-7 cells using an anti-
FLAG antibody and Alexa-Flour-conjugated wheat germ agglutinin (WGA) as a PM
marker. The PM localization of the MUC1ΔEX, lacking most of the MUC1-N but
containing the transmembrane domain (Fig. 1A), was evaluated in parallel as a control to
examine how lack of MUC1-N affected PM localization. This is the first evaluation of the
cellular localization of MUC1ΔEX. MUC1/A, MUC1/B and MUC1ΔEX, all localize to the
PM of COS-7 cells, as indicated by the overlap in signal (yellow) with WGA (Figure 2). The
empty vector (EV, negative control), panel demonstrates the specificity of the FLAG
antibody.

3.2. Regulation of the inflammatory response by MUC1/A and MUC1/B
MUC1/B has both anti- and pro- inflammatory properties (Ahmad et al., 2007; Guang et al.,
2010; Ueno et al., 2008). To determine if MUC1/A and MUC1/B differentially modulate
inflammatory responses, COS-7 cells were transfected with EV (negative control), MUC1/
A, MUC1/B or MUC1ΔEX, testing for lack of MUC1-N, for 48 h and treated with 10 ng/ml
TNFα for 4 and 24 h to initiate the inflammatory response (Sonoda et al., 2006; Thathiah et
al., 2004). QRT-PCR was used to determine the mRNA levels of pro-inflammatory
cytokines known to be induced by TNFα: IL-1β (Schroder and Tschopp, 2010) and IL-8
(Lane et al., 2002). Because IL-8 and TNFα are increased in the tears of patients with dry
eye disease (Pflugfelder et al., 1999), IL-8 regulation by MUC1 splice variants is relevant to
this study. TNFα induced a 12- and 40-fold increase in IL-1β and IL-8 mRNA at 4 h,
respectively, in EV-transfected cells (Fig. 3A and B). Transfection with either MUC1/B or
MUC1ΔEX inhibited the 4 h TNFα-induced IL-1β and IL-8 expression compared to the EV
control. In contrast, MUC1/A-expressing cells did not attenuate the induced expression of
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IL-1β after 4 hrs of TNFα (Fig. 3A). At the 4 h time point, the TNFα-induced expression of
IL-8 was also inhibited in MUC1/A expressing cells compared to EV (Fig. 3B). After 24 h
of TNFα, COS-7 cells expressing MUC1/A exhibited an increase in IL-1β and IL-8
compared to EV-transfected cells (Fig. 3C and D). Interestingly, MUC1/B or MUC1ΔEX no
longer inhibited the induction of IL-1β and IL-8 mRNA after 24 h TNFα treatment.

The amount of IL-8 protein released into the media of transfected COS-7 cells was
examined 24 h after TNFα treatment (Fig. 3E). Cells transfected with MUC1/A released 5-
fold more IL-8 protein compared to cells transfected with the EV control. No change in IL-8
protein secretion was observed in cells expressing MUC1/B or MUC1ΔEX compared to EV.
These data agree with the 24 h mRNA data for IL-8 shown in Fig. 3D.

3.3. MUC1/A increases basal TGFβ mRNA and protein expression
TGFβ has anti-inflammatory activity (Hong et al., 2010) as well as stimulating
differentiation and survival of Th-17 cells (De Paiva et al., 2009). MUC1/A overexpression
in COS-7 cells significantly increased basal TGFβ mRNA levels (Fig. 4A). In contrast, no
change in basal TGFβ mRNA was detected in cells transfected with MUC1/B or
MUC1ΔEX. TNFα increased TGFβ mRNA in EV, MUC1/B or MUC1ΔEX-transfected
cells, but not in MUC1/A-transfected cells. TNFα-induced levels of TGFβ mRNA were
comparable in EV, MUC1/B or MUC1ΔEX transfected cells. Western blot analysis of TGFβ
revealed an increase in basal TGFβ precursor protein in the MUC1/A-tranfected COS-7 cells
compared to EV- and MUC1/B- transfected cells (Fig. 4B). These data demonstrate that
differences in the MUC1-N in MUC1/A versus MUC1/B result in differential regulation of
basal and TNFα-induced TGFβ expression.

3.4. Regulation of NF-κB-Luciferase reporter by MUC1/A and MUC1/B
TNFα activation of NF-κB induces IL-1β and IL-8 transcription (Lane et al., 2002; Schroder
and Tschopp, 2010). To determine if MUC1/A and MUC1/B affect NF-κB activation, a NF-
κB luciferase reporter assay was performed in COS-7 cells transfected with EV, MUC1/A,
MUC1/B or MUC1ΔEX (Fig. 5). As expected, TNFα increased NF-κB luciferase activity in
a concentration-dependent manner. MUC1/B overexpressing cells showed reduced TNFα-
induced reporter activity when treated with 1 ng/ml TNFα for 4 h compared to the EV
control (Fig. 5A). With 10 ng/ml TNFα, both MUC1/A and MUC1/B overexpressing cells
showed inhibition of the NF-κB reporter activity compared to EV at 4 h. Interestingly,
MUC1ΔEX overexpression did not inhibit the NF-κB luciferase response, suggesting that
MUC1-N is required to inhibit the NF-κB response. When COS-7 cells were incubated with
1 or 10 ng/ml TNFα for 24 h, similar responses to the 4 h were observed (Fig. 5B). MUC1/B
significantly inhibited 1 and 10 ng/ml TNFα-activated NF-κB luciferase activity, whereas
MUC1/A increased the NF-κB luciferase activity at 1 ng/ml but had no effect at 10 ng/ml.

3.5. Regulation of microRNA miR-21 by MUC1/A and MUC1/B
A recent report showing that IL-1β and TNFα induced miR-21 expression via NF-κB
activation in pancreatic cancer cells (Roggli et al., 2010) prompted us to examine if MUC1/
A or MUC1/B would affect TNFα-induced miR-21 expression. Because MUC1/B inhibits
TNFα-induced IL-1β expression at 4 h (Fig. 3B) and 24 h TNFα-activation of NFκB-
reporter activity (Fig. 5B), we hypothesized that MUC1/B would abrogate miR-21 induction
by TNFα. The results agreed with the predicted outcome: MUC1/B inhibited TNFα-induced
miR-21 expression at 24 h (Fig. 6A). MUC1/A also inhibited the TNFα-induced miR-21 up-
regulation, but to a lesser extent than MUC1/B. This was unexpected because MUC1/A did
not inhibit TNFα-induced IL-1β transcription (Fig. 3A and C) or NF-κB-luciferase activity
(Fig. 5B).
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We next examined if the suppression of TNFα-induced miR-21 by MUC1/A and MUC1/B
leads to de-repression of a gene downstream of miR-21. Programmed cell death 4 (PDCD4)
is an established target of miR-21 (Wickramasinghe et al., 2009). MUC1/A and MUC1/B
reduced basal PDCD4 expression and blocked the suppression of PDCD4 detected in TNFα-
treated, EV-transfected cells (Fig. 6B). The reduction in PDCD4 is commensurate with the
increase in miR-21 seen in TNFα-treated-EV-transfected cells (Fig. 6A). Together, these
data indicate that both MUC1/A and MUC1/B inhibit TNFα-induced miR-21 expression and
thus ameliorate the blockade of PDCD4 expression.

3.6. MUC1 ectodomain release
MUC1-N, the ectodomain, is shed into the media from human corneal limbal epithelial cell
line and human uterine epithelial cells under normal conditions as well as in response to
TNFα (Albertsmeyer et al., 2010; Thathiah et al., 2004). MUC1/A and MUC1/B ectodomain
release was examined. TNFα increased MUC1-N release from cells expressing MUC1/B
(Fig. 7). In contrast, MUC1/A-expressing cells did not increase MUC1-N release in response
to TNFα. There was no significant difference in MUC1-N shed between cells transfected
with MUC1/A or MUC1/B; however, there was a trend for higher MUC1/A ectodomain
release in cells untreated or treated with 1 ng/ml TNFα.

4. Discussion
This report demonstrates for the first time that MUC1/A and MUC1/B, previously
demonstrated to be differentially expressed in conjunctival tissue from non-Sjögren’s and
evaporative dry eye patients compared to normal controls (Imbert et al., 2006), differ in their
ability to regulate the TNFα-induced inflammatory responses. The lack of expression of
MUC1/A in samples from patients with non-Sjögren’s dry eye disease indicates a possible
protective role of MUC1/A in preventing the symptoms accompanying dry eye disease.
Whereas MUC1/B was reported to have anti-inflammatory activity (Lu et al., 2006; Ueno et
al., 2008), this is the first report to demonstrate that MUC1/A regulates cellular
inflammation and that there are specific differences in the anti-inflammatory activities of
MUC1/A and MUC1/B. MUC1/B has greater efficacy in inhibiting pro-inflammatory
responses induced by TNFα compared to MUC1/A. Specifically, depending on the time of
TNFα-treatment, MUC1/B inhibits the increase in IL-1β and IL-8 stimulated by TNFα
whereas MUC1/A increases the expression of these two pro-inflammatory cytokines. Not all
cellular responses are different between MUC1/A and MUC1/B, e.g., both inhibit the
induction of miR-21 by TNFα and inhibit basal PDCD4 expression. In addition, MUC1/A,
and not MUC1/B, increases basal TGFβ expression. This is the first report showing that
MUC1 regulates TGFβ expression.

In patients with dry eye disease, the ocular surface is exposed to pro-inflammatory cytokines
produced by infiltrating lymphocytes (Barabino and Dana, 2007). Here, MUC1/B blocked
the TNFα-mediated increase in the transcription of IL-1β and IL-8. These findings are
consistent with a report showing that MUC1/B overexpression inhibits activation of Toll-
like receptors in cultured HEK-293T cells (Ueno et al., 2008). Our data indicate that MUC1/
A has less anti-inflammatory activity than MUC1/B. Although these data do not explain the
correlation between the lower frequency of MUC1/A expression in patients with non-
Sjögrens aqueous deficient and evaporative dry eye disease, they demonstrate that MUC1/A
and MUC1/B mediate different cytokine responses to TNFα. Interestingly, the TNFα-
stimulated cytokine response in MUC1ΔEX-expressing cells was similar to MUC1/B-
expressing cells. This result was unexpected because MUC1ΔEX lacks most of the
extracellular domain which is the part of MUC1 that is different between MUC1/A and
MUC1/B. Thus, the pro-inflammatory phenotype of MUC1/A indicates that the extra 9 aa in
the N-terminus affects its signaling properties.
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The precise mechanisms accounting for the differential role of MUC1/A and MUC1/B in
regulating TNFα-induced IL-1β and IL-8 transcription remain to be fully elucidated.
However, we postulate that differential regulation of the NF-κB pathway by MUC1/A and
MUC1/B plays a key role in the concomitant differences in cytokine expression since
MUC1/B, but not MUC1/A, inhibited TNFα-induced NF-κB driven luciferase activity.
However, in agreement with our data showing that MUC1/A inhibited TNFα-induced IL-8
mRNA only at the 4 h time point, MUC1/A inhibited TNFα activation of the NF-κB
luciferase reporter activity only at 10 ng/ml TNFα at 4 h. These findings indicate different
time-dependent effects of MUC1/A versus MUC1/B in response to TNFα. Surprisingly,
MUC1ΔEX did not inhibit TNFα-induced activation of the NF-κB driven luciferase
reporter. These results were unexpected because the MUC1-CD is thought to mediate the
intracellular activities of MUC1 (Gendler, 2001) and also because MUC1ΔEX blocked
TNFα-induced induction of IL-1β and IL-8 at 4 h. This intriguing finding further supports
the idea that MUC1-N and MUC1-CD subunits work together to modulate signal
transduction events.

MUC1/A and MUC1/B showed similar PM localization; however, there may be subtle
differences in their localization that were not detected. It is also possible that MUC1/A and
MUC1/B interact with a different repertoire of regulatory proteins in the PM and cytoplasm
or other intracellular compartments that differentially mitigate the TNFα-induced
inflammatory response. Another possibility is that the MUC1-CD of MUC1/A and MUC1/B
are differently phosphorylated which would impact downstream signaling.

Although COS-7 cells were used because they are readily transfected and MUC1 null, these
cells are not a good model for the polarized epithelial cells that constitute the ocular surface.
Nevertheless, the results presented here clearly indicate functional differences between
MUC1/A and MUC1/B.

TGFβ is a potent anti-inflammatory cytokine that plays an important role in maintaining
lacrimal gland homeostasis (Rocha et al., 1998). TGFβ ablation in mice leads to “crusty
eyes” due to lacrimal gland inflammation (McCartney-Francis et al., 1997). Desiccating
stress, a mimetic of dry eye, increased TGF-β1 mRNA and protein in conjunctiva from
mouse eyes which, in turn, enhanced differentiation and survival of Th-17 cells (De Paiva et
al., 2009). Th-17-committed cells produce pro-inflammatory cytokines, e.g., IL-17A, that
increase TNFα, IL-6, IL-8 and matrix metalloproteinases (De Paiva et al., 2009; Zheng et
al., 2010). Thus, while the ability of MUC1/A to induce TGFβ, a new finding, suggests that
one mechanism by which MUC1/A confers protection to the ocular surface; whether TGFβ
ultimately acts as a a pro- or anti- inflammatory cytokine is likely cell-type dependent.

Our data indicate that both MUC1/A and MUC1/B inhibit TNFα-induced miR-21
expression and thus de-repress PDCD4 expression. PDCD4−/− mice show reduced
inflammatory responses (Hilliard et al., 2006). TNFα-downregulation of PDCD4 in pro-
inflammatory environments decreased inflammation (Hilliard et al., 2006; Yasuda et al.,
2009). To our knowledge, this is the first investigation of MUC1 regulation of miR-21
expression and activity. Further investigation of MUC1 regulation of miRNAs in dry eye
disease is of clear interest.

In conclusion, our findings indicate that MUC1/A and MUC1/B differ in their anti-
inflammatory properties as reflected in cytokine activation and NF-κB regulation, but
similar activities in regulating miR-21 expression. The difference in the function of MUC1/
A and MUC1/B detected in transfected COS-7 cells is the first step in understanding how
their expression in conjunctival tissue is involved in dry eye disease.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

EV empty vector

FBS fetal bovine serum

IL interleukin

miRNA micro RNA

MUC1 mucin 1

TNFα tumor necrosis factor α

MUC1-N MUC-1N-terminal extracellular domain

MUC1-CD MUC-1C-terminal cytoplasmic domain

MUC1.CT MUC-1 cytoplasmic tail

PM plasma membrane

PDCD4 Programmed cell death 4

ROS reactive oxygen species

TM transmembrane
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Highlights

• Cloned MUC1/A splice variant

• MUC1/B inhibits TNFα-induced IL-1β and IL-8

• MUC1/A stimulates TNFα-induced IL-1β and IL-8

• MUC1/A and MUC1/B inhibit TNFα-induced miR-21

• MUC1/B, but not MUC1/A, inhibited TNFα-induced NF-κB luciferase reporter
activity

• MUC1/A and MUC1/B have different inflammatory activities
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Figure 1. Expression of MUC1/A and MUC1/B in COS-7 cells
(A) Schematic diagram of MUC1/A, MUC1/B and MUC1ΔEX constructs used for
transfection of COS-7 cells. The insertion of the FLAG tag within the N-terminal domain
(NTD) is indicated. There are 42 tandem repeats (TR) in both MUC1/A and MUC1/B
whereas MUC1ΔEX lacks the tandem repeat. The transmembrane (TM) and C-terminal
domains (CD) are indicated. * indicates the SNP and nucleotide change between MUC1/B
and MUC1/A. The black box indicates the additional 27 bp in MUC1/A. (B) Flow
cytometry analysis of FLAG expression in COS-7 cells 24, 48 and 72 h post-transfection
using M2 anti-FLAG antibody and PE-conjugated secondary antibody. Values are from one
representative FACS analysis. (C) Western analysis of MUC1 protein expression in WCE
from COS-7 cells either untransfected (UTx), transfected with the empty vector (EV), a
mock control (no DNA), or expression vectors for MUC1/A or MUC1/B for 24, 48 and 72
h. 6 μg of WCE from MCF-7 cells was loaded into the far right lane as a positive control for
MUC1. The blot was probed with CT2 anti-MUC1 antibody and β-actin which was used as
a loading control. The bar graph shows the quantitation of MUC1/A and MUC1/B relative to
β-actin expression relative to MCF-7 that was set to one for comparison.
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Figure 2. Surface expression of MUC1/A and MUC1/B in COS-7 cells
COS-7 cells were transfected with the empty vector (EV, negative control), MUC1/A,
MUC1/B, or MUC1ΔEX as described in Experimental Procedures. Forty-eight hours after
transfection, the cells were stained with the M2 anti-FLAG antibody (green) and Wheat
Germ Agglutinin (WGA, red) as a plasma membrane marker. Images were captured using
an Olympus FV1000 confocal microscope. The colocalization of FLAG and WGA is
indicated in yellow in the merged image.
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Figure 3. MUC1/A and MUC1/B differentially regulate IL-1β and IL-8 expression
COS-7 cells were transfected with empty vector (EV), MUC1/A, MUC1/B, or MUC1ΔEX
for 48 h. Cells were left untreated (UT) or treated with 10 ng/ml TNFα for 4 and 24 h. QRT-
PCR analysis of IL-1β (A and C) or IL-8 (B and D) mRNA was performed. TNFα-induced
expression in EV-transfected cells at 4 h was set to one for comparison. (E) COS-7 cells
were treated for 24 h with 10 ng/ml TNFα. IL-8 protein levels were measured in the cultured
media by ELISA. Values in panels A-D are the mean ± SEM of 3–5 experiments. *, p<0.05
compared to EV. **, p<0.001 compared to EV. #, p<0.05 compared to MUC1/A. ##,
p<0.001 compared to MUC1/A.
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Figure 4. MUC1/A stimulates TGFβ expression
COS-7 cells were transfected with EV control, MUC1/A, MUC1/B, or MUC1ΔEX for 48 h
prior to treatment with 10 ng/ml TNFα for 6 h, UT= untreated. (A) QRT-PCR analysis of
TGFβ mRNA was performed. TGFβ expression in EV-transfected/UT cells was set to one
for comparison. Values are the mean ± SEM of 3 experiments. *, p<0.05 compared to EV-
UT. #, p<0.05 compared to MUC1/B or MUC1ΔEX UT. (B) Western blot analysis of TGFβ
precursor expression in WCE (6 μg). The blot was probed with TGFβ antibody and then
stripped and reprobed for β-actin as a loading control. This blot is representative of three
blots that showed the same results. The bar graph shows the quantitation of TGFβ relative to
β-actin expression relative to EV that was set to one for comparison.
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Figure 5. Effect of MUC1/A and MUC1/B overexpression in TNFα-induced NF-κB activation
COS-7 cells were transfected with NF-κB luciferase reporter, pRL-tk and 500 ng plasmid
DNA for EV, MUC1/A or MUC1/B as described in Experimental Procedures. 48 h after
transfection, wells were left untreated (UT) or treated with 1 or 10 ng/ml TNFα and WCE
were harvested 4 and 24 h after treatment. Luciferase and Renilla luciferase activities were
determined. Values were calculated as described in Experimental Procedures and are the
mean ± SEM of 3 experiments. *, p<0.05 compared to EV. **, p<0.001 compared to EV. #,
p<0.05 compared to MUC1/A. ##, p<0.001 compared to MUC1/A.
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Figure 6. MUC1/A and MUC1/B inhibit TNFα-induced miR-21 expression
COS-7 cells transfected with EV, MUC1/A or MUC1/B were treated with 10 ng/ml TNFα
for 24 h. (A) QRT-PCR for mature miR-21was quantified using 5S rRNA for normalization.
(B) QRT-PCR for PDCD4 mRNA was normalized to 18S rRNA. Values are the avg. +/−
SEM from triplicate determinations in one experiment.
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Figure 7. MUC1 ectodomain release in COS-7 cells transfected with MUC1/A or MUC1/B and
treated with TNFα
Conditioned media was collected COS-7 transfected with EV, MUC1/A (A), or MUC1/B
(B) grown in 6-well plates and treated with the indicated concentrations of TNFα for 24 h.
The media was concentrated and identical amounts were separated on 3–8 % Tris-acetate
gels. The immunoblots were probed with an antibody (DF3) to the extracellular domain of
MUC1. To control for loading, an identical gel was stained with Coomassie blue. The graph
represents the quantification of the MUC1-N bands normalized to the Coomassie net pixel
intensity of the entire lane. Values are the average of 3 separate experiments ± SEM.
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