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Abstract 

The epigenetic repression of myelin and lymphocyte protein gene (MAL) and over-expression of MUC1 
protein are two well-documented hallmarks of various carcinomas including lung cancer. The purpose of 
this work was to investigate whether ectopic expression of MAL could modify the proliferative activity of 
MUC1 in human lung adenocarcinoma HCC827 cells. We generated stable HCC827 cell lines, expressing 
GFP- or myc-MAL constructs, then, followed the expression of MUC1 by RT-qPCR and Western blot, 
and tested proliferation and sensitivity of those cells to cisplatin. Our results showed that ectopic 
expression of MAL nearly eliminated cellular levels of MUC1-C. This effect is primarily due to 
down-regulation of MUC1 expression, as confirmed by RT-qPCR. Additionally, lysosomal-associated 
degradation of MUC1 may also contribute, as observed when the cells were treated with ammonium 
chloride and chloroquine. The reduced quantity of MUC1-C negatively affected both cyclin D1 and 
c-Myc, protein levels, which are linked to cell-proliferative signals involving MUC1-C. Furthermore, 
expression of MAL decreased the viability of HCC827 cells, and increased their sensitivity to cisplatin. 
MAL and MUC1 showed an antagonistic relationship in cancer cells, and these findings provide new 
insights with respect to the regulation of MUC1 and a better understanding of MAL as a potential tumor 
suppressor. 
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Introduction 
Myelin and lymphocyte protein (MAL), also 

named T-lymphocyte maturation-associated protein, 
is a proteolipid constituent of cholesterol and 

glycosphingolipid-enriched micro domains (GEMs) 
that have been implicated in the apical transport of 
proteins in epithelial cells [1,2]. MAL expression was 
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initially demonstrated to occur during T-cell 
maturation [3] and was also reported in 
myelin-forming cells [4,5], as well as polarized 
epithelial cells [6-8]. Several reports have indicated 
that silencing of MAL by hyper-methylation of its 
promoter [9] is found in different kinds of carcinomas, 
such esophageal [10-13], gastric [14], lung [15], colon 
[16], head and neck [17,18], cervical [19,20], breast 
[21,22], and bladder [23]. Conversely, it has also been 
described that higher MAL expression levels are 
associated with the development of some types of 
lymphoma [24-27] and ovarian cancer [28-30]. In this 
sense, tumor suppressor properties of MAL have been 
described by at least two well-documented reports; 
the first one, through the induction of apoptosis via 
the Fas signaling pathway, and the second, across the 
inhibition of cell migration and metastasis by blocking 
the signal transducer and activator of transcription 3 
(STAT3) phosphorylation [10,31]. 

MUC1 (mucin 1), is a heterodimeric 
membrane-bound mucin, found in the apical region of 
epithelial cells. However, MUC1 is over-expressed 
and abnormally glycosylated in several types of 
adenocarcinomas [32-35]. The oncogenic activity of 
MUC1 primarily depends on the MUC1-carboxy- 
terminal subunit (MUC1-C), which interacts with 
various mediators of cell proliferation signaling 
pathways [33]. Overexpression of MUC1 and the loss 
of the plasma membrane (PM) polarity in transformed 
cells, enable interactions and phosphorylation of 
MUC1-C by receptor tyrosine kinases (RTKs), such as 
epidermal growth factor receptor (EGFR) [34,36]. The 
binding of galectin-3 to the extracellular domains of 
EGFR and MUC1 stabilizes their interaction [36], and 
it has been reported that MUC1-C can prevent the 
lysosomal degradation of EGFR [37], thereby 
extending EGF´s proliferative activity. 

MUC1-C activates various pro-survival 
pathways, such as Ras, PI3K/Akt, and Wnt [38-41]. In 
this context, MUC1-C is a potent oncogene that 
exhibits several features that enhance tumor growth 
and metastasis. Recently, Rajabi et al. described a new 
pro-oncogenic activity of MUC1-C, involving the 
downregulation of tumor-suppressor genes [42]. 
Therefore, we wondered whether a functional 
relationship exists between MAL and MUC1. In this 
sense, Fanayan et al. identified MAL2, another 
member of the MAL family, as a partner of MUC1 in 
breast carcinoma cells [43]. They suggested that, in 
those cells, MAL2 could deliver MUC1 to the 
basolateral region, thereby promoting the 
phosphorylation of MUC1-C by EGFR and other 
tyrosine kinases, such as c-Src. Our laboratory is 
studying the role of MAL as a tumor suppressor in 
lung cancer. We hypothesize that MAL, a membrane 

raft scaffold protein, might interfere with the cellular 
trafficking of MUC1 and potentially alter its effects on 
cell proliferation. In this paper, we present evidence 
indicating that the expression of MAL in the NSCLC 
cell line HCC827 promotes the downregulation of the 
MUC1 gene and could facilitate the lysosomal 
degradation of MUC1-C. Both effects negatively 
impact the proliferation factors, cyclin D1, and c-Myc. 

Materials and Methods 
Cells, plasmids, and transfections 

The lung adenocarcinoma HCC827 cells were 
provided by Dr. Jose Sullivan Lopez at the National 
Institute of Respiratory Diseases, Mexico. Dr. Lourdes 
Gutierrez supplied HEK293 cells at the National 
Institute of Public Health, Mexico. Both the HCC827 
and HEK293 cells were cultured under standard 
conditions (5% CO2 and 95% air at 37 °C) in RPMI 
1640 high-glucose medium, and DMEM high-glucose 
medium (Life Technologies), respectively. The media 
were supplemented with 10% FBS, 50 U/mL of 
penicillin, and 50 µg/mL of streptomycin (Life 
Technologies). The constructs 
pcDNA3.1-Hygromycin/GFP-MAL and 
pcDNA3.1-Hygromycin/myc-MAL were obtained 
from Dr. Peter Arvan´s laboratory (University of 
Michigan). Dr. Rebecca Hughey (University of 
Pittsburgh) kindly supplied the construct 
pcDNA3.1-Hygromycin/hMUC1-22r. Transfections 
were conducted using two µg/mL of plasmid 
pre-mixed with Lipofectamine 3000 reagent 
(Invitrogen) at a 2:1 ratio in reduced-serum medium. 
Six-well plates were seeded with 0.75 × 10^6 cells and 
transfected after 24 hours. Stable HCC827 and 
HEK293 cell lines expressing GFP-MAL, myc-MAL 
and hMUC1-22r were selected and maintained with 
200 µg/mL of hygromycin B (Invitrogen). Several 
clones expressing GFP-MAL were isolated after 
fluorescence assisted cell sorting (Fig. S1A).  

Western blotting (WB) 
Sub-confluent cell cultures were washed with 

ice-cold phosphate-buffered saline (PBS), and 
whole-cell lysates were prepared using RIPA buffer 
(Tris-HCl 25 mM pH 7.4, NaCl 150 mM, EDTA 1 mM, 
sodium deoxycholate 2.5 mM, NP40 1%, sodium 
dodecyl sulfate 0.1% and protease inhibitor cocktail, 
Complete C, from Roche). Protein concentration was 
measured using the bicinchoninic acid method 
(Thermo Scientific). Proteins were separated by 
SDS-PAGE in a Mini-PROTEAN Tetra cell 
electrophoresis chamber (Bio-Rad), according to 
Laemmli [44]. The samples were transferred to 
nitrocellulose membranes using a semi-dry transfer 
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system (Bio-Rad). Membranes were incubated with 
appropriate primary antibodies: anti-MUC1-C 
antibody, EPR 1023 (Abcam) 1:5000, anti-GFP 
(Bio-Legend) 1:5000, anti-cMyc (Immunology 
Consultants Laboratory) 1:5000, anti-cyclin D1 
Invitrogen) 1/500, anti-EGFR A-10, and anti-MAL E1 
(Santa Cruz Biotech) 1:1000 and 1:50 respectively. 
Secondary antibodies were from Jackson Immuno 
Research. Detection was conducted using 
chemiluminescence (Super Signal Kit, Thermo 
Scientific). Images were captured and analyzed using 
a ChemiDoc instrument (Bio-Rad). 

Ammonium chloride and chloroquine 
treatment 

HCC827 wild-type (wt) cells, and 
HCC827-GFP-MAL clone (18P) were seeded at a 
density of 0.75 × 10^6 cells per well on 6-well plates. 
After 24 hours, the media were re-placed with fresh 
medium containing 0 or 5 mM ammonium chloride or 
20 μM chloroquine. The cells were then incubated for 
an additional 24 hours. Whole-cell lysates obtained 
were immediately processed for immunoblotting. 

Immunofluorescence  
HCC827-wt and HCC827-GFP-MAL cells were 

cultured on coverslips, washed twice with ice-cold 
PBS, and fixed with 4% formaldehyde, then 
permeabilized with 0.1% Triton X-100 and blocked 
with 2% ultra-pure BSA in PBS (blocking solution). 
The primary antibody anti-MUC1-C was diluted 1:100 
in blocking solution. The secondary antibody was 
Alexa 555-tagged (Thermo Fisher). Confocal 
microscopy images were captured using an SP8 
microscope, equipped with a Plan-NeoFluar 63x NA 
1.4 objective (Leica Microsystems). We acquired 
confocal stacks of 40-60 images and created the 
maximum projection for each. 

Cell proliferation and cisplatin assays 
HCC827-wt and 18P cells were seeded at a 

density of 2 × 10^4 cells per well in 96-well plates and 
incubated for 24 hours with various concentrations of 
cis diamine- dichloroplatinum (II) (cisplatin) 
(Sigma-Aldrich). A set of cells without any drug 
treatment was allowed to grow for 72 hours to assess 
differences in proliferation due to MAL expression. 
Cell proliferation was determined using the XTT 
reagent (Roche) according to the manufacturer´s 
instructions. 

cDNA synthesis and quantitative reverse 
transcription polymerase chain reaction 
RT-qPCR) analysis 

The SV Total RNA Isolation System Kit 

(Promega, Cat. No. Z3100) was used to extract total 
RNA from all samples. For quantitative real-time PCR 
(RT-qPCR), RNA was treated with DNase I to remove 
genomic DNA. One microgram of total RNA was 
reverse transcribed in a 20 µL reaction mixture using 
SuperScript II-Reverse Transcriptase (Invitrogen) and 
an oligo(dT) primer. Real-time PCR quantification 
was performed with a StepOne Real-time PCR system 
(Applied Biosystems). RT-qPCR was conducted 
following the Maxima Probe qPCR Master Mix 
(2X)/ROX protocol (Thermo Scientific). A “no DNA” 
template control was included in each run. The data 
from the RT-qPCR experiments were analyzed using 
the relative quantification method, or 2−ΔΔCT 
method, where the ΔΔCT value = ((CT1 Target – CT1 
Reference) – (CT0 Target – CT0 Reference)) [45]. The 
mean CT values for both the target and internal 
reference genes were calculated, and the target gene 
fold change was normalized to HsGADPH. The 
relative expression of the target gene was then 
normalized to the control sample, whit the the control 
cells' expression set to 1 (i.e., 18P). The primers used 
included: HsGAPDH (AF261085.1) Forward 
5´-GTCTCCTCTGACTTCAACAGCG-3´, Reverse 
5´-ACCACCCTGTTGCTGTAGCCAA-3´. HsMAL 
(NM_002371.4) Forward 
5´-GCTGGGTGATGTTCGTGTCTG-3´, Reverse 
5´-TGAGGCGCTGAGGTAAAAGA-3´; and HsMUC1 
(NM_002456.6) Forward 
5´-TCGTAGCCCCTATGAGAAGG-3´, Reverse 
5´-CCACTGCTGGGTTTGTGTAA-3´. All experiments 
were performed in triplicate (technical replicates) 
from three biological replicates. 

Statistical analysis 
The statistical analysis used an 

independent-samples t-test to compare the means 
between two groups, and the normality of variances 
was verified using Shapiro-Wilk’s test. The t-test was 
used to determine whether the observed differences 
were statistically significant (p < 0.05). 

Results 
The ectopic expression of MAL reduces the 
levels of MUC1 

To our knowledge, no published data indicate 
that human lung carcinoma cells HCC827 express 
MAL. We began by evaluating endogenous MAL 
expression using WB and RT-qPCR. As shown in Fig. 
1A, comparing the whole-cell lysate of HCC827-wt 
with that of cells transiently transfected with the 
myc-MAL construct, the non-transfected cells did not 
show any protein bands attributable to MAL. 
Furthermore, RT-qPCR analysis revealed only a 
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negligible amount of MAL-mRNA in wt cells 
compared to the HCC827-GFP-MAL cells, (18P), as 
illustrated in Fig. 1B. This result aligns with published 
data for the other nine lung cancer cell lines [15]. Next, 
as shown in Fig. 2A, WB analysis revealed that 
transfection with either GFP-MAL or myc-MAL 
significantly reduced MUC1-C levels in both 
HCC827-wt, and HEK293 cells stably transfected with 
human MUC1 (HEK293-MUC1h22r) [46,47]. This cell 
line was transiently transfected with the myc-MAL 
construct, and WB was performed 48 hours after 
transfection. The result indicates that the phenotype is 
reproducible in HEK293-MUC1h22r, suggesting that 

the mechanisms induced by MAL expression are 
functional in cells that do not endogenously express 
MAL and MUC1. Fig. 2B displays the indirect 
immunofluorescence (IIF) results for HCC827 cells 
transiently transfected with the GFP-MAL construct. 
A significant reduction in the MUC1-C signal (red) 
can be observed in MAL-expressing cells, consistent 
with the WB. To confirm this, HCC827-GFP-MAL 
cells were sorted by flow cytometry, and several 
individual clones were isolated. WB analyses of 
whole-cell lysates revealed a significant decrease in 
MUC1-C levels in all MAL-expressing clones (see Fig. 
S1A).  

 

 
Figure 1. Endogenous expression of MAL in HCC827-wt cells by WB and RT-qPCR. A. The expression of MAL in cell lysates from cells HCC827-wt and HCC827 
transiently transfected with the myc-MAL construct, were analyzed by WB. 20 μg of protein were loaded in each case. B. RT-qPCR analysis of HCC827-wt, 
HCC827-GFP-MAL-expressing (18P clone), HEK293 and Jurkat cells. Relative gene expression in control cells (18P) was defined as 1. HEK293 and Jurkat cells were included as 
negative and positive controls of the MAL expression respectively. 

 
Figure 2. The ectopic expression of MAL affect MUC1 expression. A. WB of cell lysates from HCC827-wt,18P clone and HEK293-hMUC1-22r. This cell line was 
generated by the stable transfection of the human MUC1 cDNA, having 22 repeats of the variable number tandem repeat sequence (VNTR), described elsewhere [46], then, cells 
were transiently transfected with the myc-MAL cDNA. 20 μg of protein were loaded in each lane. B. Indirect immunofluorescence of HCC827-wt and HCC827 transiently 
transfected with GFP-MAL. MUC1, is in red. The decrease in the signal of MUC1-C agrees with the WB results. (bar = 20 μm). C. RT-qPCR analysis of MUC1-mRNA from 18P 
clone, HCC827-wt, HEK293 and Jurkat cells.  
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The expression of MAL reduces the amount of 
MUC1-RNAm and induces lysosomal 
degradation of the protein 

To clarify why MUC1-C levels decrease in 
HCC827 cells upon MAL expression, we first 
examined whether MAL affects MUC1 mRNA levels. 
Fig. 2C shows RT-qPCR results measuring MUC1 
mRNA in both HCC827-wt and 18P cells. In the 
presence of MAL, we observed a significant decrease 
in MUC1 mRNA levels. While this could explain the 
substantial reduction in MUC1-C, we also 
investigated whether MAL is involved in degrading 
MUC1-C. It is known that MUC1 is primarily broken 
down in lysosomes, so we treated HCC827-wt and 
18P cells with two lysosomal protease inhibitors. As 
shown in Fig. S1B, lysosomal-associated protein 
degradation with ammonium chloride or chloroquine 
partially restored MUC1-C levels in 18P cell lysates, 
indicating that MAL expression also promoted some 
degree of lysosomal degradation of MUC1-C. 

MAL expression affects the levels of cyclin D1 
and cMyc 

We examined whether MAL expression could 
affect the Wnt-MUC1-C relationship. β-catenin plays 
essential roles in processes such as cell-cell adhesion 
and transcriptional regulation. It binds to the 
sequence SAGNGGSSLS in the cytoplasmic tail of 
MUC1-C [48]. In the nucleus, the MUC1-C-β-catenin 
complex activates the transcription of Wnt target 
genes [49] including CCND1 and c-Myc [50-52]. 

Therefore, we hypothesized that the decrease in 
MUC1-C caused by MAL would lower the expression 
of cyclin D1 (CD1) and c-Myc. As shown in Fig. 3A, 
WB analysis revealed a significant decrease in c-Myc 
and a slight reduction in CD1 levels in 18P cells. These 
findings support a tumor-suppressor role for MAL by 
interfering with the pro-oncogenic functions of 
MUC1-C.  

The ectopic MAL expression decreases the 
viability of HCC827 cells and increases their 
sensitivity to cisplatin 

We hypothesized that decreased levels of CD1 
and c-Myc might impact the proliferative capacity of 
HCC827 cells. To investigate this, we first compared 
the viability of HCC827-wt and 18P cells. As shown in 
Fig. 3B, the viability of 18P cells after 72 hours was 
significantly lower than that of the wt cells. This 
indicates that ectopic expression of MAL negatively 
impacts the growth of lung cancer cells. Next, we 
evaluated the response of HCC827-wt and 18P cells to 
the genotoxic agent cisplatin. Cells were exposed to 
increasing concentrations of cisplatin, and as shown 
in Fig. 3C, MAL-expressing cells exhibited lower 
survival and statistically significant differences at 
almost all cisplatin concentrations. The profile 
displayed by HCC827-wt cells showed a degree of 
cisplatin resistance, but MAL expression rendered the 
cells sensitive to the drug. Therefore, MAL expression 
hinders the proliferation of lung cancer cells. 

 

 
Figure 3. Effects of MAL upon the expression of different proteins, proliferation and cisplatin resistance. A. WB analysis of HCC827wt and 18P clone cell lysates 
for cyclin D1, and c-Myc; lower expression is observed in both cases when MAL is expressed. B. Proliferation of HCC827wt and 18P cells after 72 hours of culture. C. 
HCC827-wt (black dots) and 18P (red dots) were treated after 24 hours with different concentrations of cisplatin. Data represent mean ± SD from three independent 
experiments (n = 3). Statistical significance was determined with an unpaired two-tailed Student’s t-test (*p < 0.05). D. EGFR and MUC4 WB of HCC827-wt and 18P cell lysates, 
no differences in the expression of both proteins were observed when MAL is expressed.  
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Figure 4. A proposed model suggesting the possible explanation of the antagonist functions of MAL and MUC1-C. The roles of STAT3 and DNMT3b are 
indicated in grey color as they were published previously by other researchers.  

 

The effect of MAL seems to be specific to 
MUC1 

To determine whether the MAL-induced 
phenotype was specific to MUC1, we examined its 
effects on other proteins. Like MUC1, EGFR is 
endocytosed through a mechanism involving 
clathrin-coated vesicles, recycled, and ultimately 
degraded in lysosomes [53-55]. We investigated 
whether MAL expression could alter EGFR levels in 
18P cells. As shown in Fig. 3D, the levels of EGFR 
were not affected by the ectopic expression of MAL. 
Additionally, we tested another membrane-bound 
mucin, MUC4, and again, no significant change in its 
cellular levels was observed in response to MAL (Fig. 
3D). Therefore, the mechanism by which MAL 
reduces MUC1-C appears to be specific. 

Discussion  
The down-regulation of MAL and 

over-expression of MUC1 have been observed in 
similar types of carcinomas [10-23, 32-35]; however, 
no experimental evidence has previously 
demonstrated a direct effect of MAL, on the oncogenic 
activity of MUC1-C [56]. In this study, MAL was 
undetectable in HCC827 cell-lysates by Western blot 

analysis (Fig. 1A). Indeed, MAL has been reported to 
be downregulated in nine other lung carcinoma cell 
lines through hypermethylation of its promoter, and 
its expression is restored after DNA demethylation 
with 5-Aza-2'-deoxycytidine [15]. The results shown 
here reveal a strong correlation between ectopic 
MAL-cDNA expression and cellular levels of 
MUC1-C. Our data showed a significant decrease in 
MUC1-C levels in the HCC827-wt and 
HEK293-hMUC1-22r cell lines following transfection 
with either GFP- or Myc-MAL constructs. To explore 
the cause of this reduction, we examined both 
MUC1-C degradation and MUC1-mRNA levels. 
When lysosomal proteolytic activity was inhibited 
with ammonium chloride or chloroquine, we 
observed a slight recovery in cellular MUC1-C levels 
(Fig. S1B), suggesting that MAL may partially 
promote lysosomal degradation of MUC1-C. This 
finding is novel and the underlying mechanisms are 
unclear. In this regard, Razawi et al. [57] 
demonstrated that mutation of two specific tyrosine 
residues in the MUC1-C cytoplasmic tail, (Y20 and 
60N) affects MUC1’s clathrin-mediated endocytosis 
and causes the accumulation of MUC1 in endosomes. 
Our results suggest that MAL disrupts MUC1 
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recycling by directing it into the lysosomal 
compartment, even when signals for endocytosis and 
recycling are intact. Interestingly, it was reported that 
thyroid and breast cancer cells accumulate MUC1 in 
cytoplasmic vesicles, likely endosomes [58,59]. From 
our immunofluorescence images (Fig. 2B), 
HCC827-wt cells also exhibit a cytoplasmic punctate 
pattern of MUC1-C, similar to that observed in breast 
and thyroid cancers. One possible explanation is that 
MAL may facilitate the transport of “stuck 
endosomes” loaded with MUC1 into lysosomes for 
degradation. The notable reduction in MUC1-C at the 
protein level cannot be explained solely by 
degradation. Therefore, we investigated MUC1 gene 
expression. RT-qPCR results showed that 
MAL-expressing cells (18P) had lower MUC1 mRNA 
levels (Fig. 2C). This is a significant and interesting 
finding. The MAL promoter is hypermethylated in 
several carcinomas [60], and it was demonstrated that 
MUC1-C activates the expression of DNA 
methyltransferases 1 and 3b (DNMT1 and 3b) [61,62]. 
Indeed, the MAL gene is silenced by DNMT3b activity 
in NSCLC cell lines, including HCC827 [63]. On the 
other hand, previous reports have shown that ectopic 
expression of MAL reduces cell motility and 
tumorigenesis in esophageal carcinoma cells, likely by 
inducing apoptosis [10]. More recently, Geng et al. 
reported that MAL interferes with the pro-oncogenic 
activity of STAT-3 in gastric cancer cells, by blocking 
its phosphorylation [31]. Additionally, the MUC1 
promoter contains a phosphorylated STAT-3 
(pSTAT-3) responsive element [64]. Inhibition of 
STAT-3 expression decreases cell motility and MUC1 
expression in breast cancer cells [65]. Although the 
mechanisms by which MAL interferes with MUC1 
expression remain unclear, the reported relationship 
between MAL and STAT-3 may help explain why 
ectopic MAL expression downregulates MUC1 in 
HCC827 cells. Meanwhile, MUC4 is also upregulated 
by pSTAT-3 [66,67], but we did not observe any 
decrease in MUC4 protein levels attributable to MAL 
expression (Fig. 3E). If MAL influences MUC1 
expression via pSTAT-3, this should be confirmed 
through future experiments. In cancer biology, our 
findings suggest that MAL plasmid expression 
counteracts the proliferative effects of MUC1-C and 
enhances cell sensitivity to cisplatin (Fig. 3C and D). 
Targeting MUC1-C with the cell-penetrating peptide 
GO-203, has been shown to inhibit cell proliferation, 
reverse cisplatin resistance, and reduce migration and 
invasion in esophageal carcinoma cells [68]. In our 
study, we did not observe significant differences in 
invasion and cell migration between HCC827-wt and 
MAL-expressing cells (not shown). Lastly, we could 
not demonstrate a direct interaction between MAL 

and MUC1 via co-immunoprecipitation (not show), 
but Fanayan et al. using the yeast two-hybrid system, 
found that MUC1 is a partner for MAL-2, and that 
MAL can bind to MUC1 [43]. Therefore, we cannot 
dismiss the possibility of direct or indirect interactions 
between these proteins, which warrants future 
investigation. To conclude, this study provides the 
first experimental evidence that MAL reduces the 
MUC1-C levels in cancer cells, demonstrating an 
antagonistic relationship between MUC1 and MAL. 
This relationship results in a decreased proliferative 
capacity driven by MUC1-C and increased sensitivity 
to cisplatin. A proposed model explaining this 
antagonism is shown in Figure 4. 

Supplementary Material 
Supplementary figure.  
https://www.jcancer.org/v17p0703s1.pdf 
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