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Original Article 
Slug is associated with poor survival in squamous cell 
carcinoma of the lung 
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Abstract: We investigated the expression of slug in a large set of lung squamous and adenocarcinomas to determine 
common or dissimilar features in its expression in these two most common forms of lung cancer. To investigate 
slug related tumor spread we studied the expression of vimentin, claudin 1, MMP2 and MMP9 in these tumors and 
their relation to slug. Addition, cell invasion assays, mRNA analysis and zymographic tests were performed to study 
epitheliomesenchymal transition (EMT) related changes in slug blocked lung cell lines. According to the results slug 
expression did not significantly differ between squamous (SCC) and adenocarcinoma (AC) (P = 0.25). In SCC, slug 
associated with vimentin (P = 0.016). In AC, claudin 1 associated with MMP2 (P = 0.037). In SCC slug expression 
had a poor prognositic significance (P = 0.006) and it had independent prognostic value (P = 0.037). In AC MMP2 
had a worsening impact on survival (P = 0.021) and it had independent prognostic value (P = 0.002). In cell inva-
sion assays, slug knockdown inhibited the invasion and migration of BEAS-2B, SK-LU1 and SK-MES1 cell lines. The 
mRNA expression of claudin 1 was downregulated in SK-LU1 cell line. Both tumor cell lines expressed MMP2 and 
in SK-MES1 slug inhibited line MMP2 appeared to decrease. The results show that slug associated EMT is more 
pronounced in lung SCC than AC. Slug associated with vimentin in SCC and had an independent prognostic value in 
this tumor type. Forced slug inhibition might be one putative way of treatment of SCC of the lung.
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Introduction

Epitheliomesenchymal transition (EMT) ena-
bles tumor cells to invade to neighbouring tis-
sues and metastasize [1]. It is induced by sev-
eral transcription factors such as snail, slug, 
twist, zeb1 and zeb2 [2, 3]. In EMT epithelial 
trait associated genes such as E-cadherin or 
claudins are downregulated while mesenchy-
mal associated genes such as vimentin or 
smooth muscle actin are upregulated [2, 3]. 

Slug/snail2 is a zinc finger transcription factor 
which is activated at the blastocyst stage of the 
early mouse embryo taking part in segregation 
of cellular layers at an early stage of develop-
ment thus having a role in EMT already during 

early embryogenesis [4]. Blockade of slug 
expression delays wound healing due to the fail-
ure of basal keratinocyte activation and dis-
turbed loosening of cellular adhesion [5]. In 
EMT, slug expression is activated by the Notch 
and transforming growth factor β induced sig-
nalling pathways leading to a loosening of cel-
lular cohesion, increased proliferation, repres-
sion of E-cadherin expression and increased 
resistance to apoptosis [6-10]. It activates the 
E-cadherin switch in tumors and confers resist-
ance to chemotherapeutic drugs such as cispl-
atin [11, 12].

Claudin 1 belongs to a family of 27 claudins 
which are located at the tight junctions of epi-
thelial cells [13, 14]. They determine the perme-
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ability of the epithelial cell layer, form a fence 
separating different membrane compartments 
from each other and contribute to cellular polar-
isation [13]. Claudin 1 is downregulated by snail 
and slug in epithelial cells [15]. Some reports 
suggest that it may, on the other hand, induce 
EMT. In liver hepatocytes and tumor cells, clau-
din 1 induced EMT by upregulating slug and 
snail and in this way it represses E-cadherin 
and induced vimentin expression [16].

Upregulation of the matrix metalloproteinases 
(MMPs), such as MMP2 or MMP9 is one feature 
of EMT [1, 17]. MMP2 and MMP9 are important 
in cancer cell invasion since these enzymes 
degrade basement membrane components. In 
keratin 8/18 depleted cells NK-kβ signalling 
induces expression of MMP2 and MMP9 which 
claudin 1 silencing reduces [18]. On the other 
hand, claudin 1 has been shown to promote 
cleavage of laminin by MMP2 [19]. These 
results show how these components of the cel-
lular EMT system are complexly intertwined.

Our aim in this study was to investigate slug in 
two most common histological forms of non 
small cell lung carcinoma: adenocarcinoma and 
squamous cell carcinoma. The aim was to study 
whether expression of slug would be different 
in these types of tumors and how it would be 
related to vimentin and claudin 1 expression, 
the former representing a mesenchymal and 
the latter an epithelial trait. Additionally, expres-
sion of MMP2 and MMP9 were studied both in 
the histological as well as in cell culture 
material.

Materials and methods

Study objects

The tissue material consisted of 128 squamous 
cell carcinomas and 118 adenocarcinomas 
which originated from the files of the Central 
University Hospital of Oulu, Finland. The mate-
rial had been fixed in 4% buffered formalin and 
embedded in paraffin. The 1.3 mm array blocks 
were constructed with a custom-built instru-
ment (Beecher Instruments, Silver Spring, MD) 
and chosen from two representative areas of 
the tumor. The diagnosis of the cases was 
based on the present WHO classification [20]. 
In adenocarcinomas, tumors were also graded 
according the growth pattern into lepidic, asi-
nar, papillary, mucinous and solid [21]. Relevant 
clinical data were collected from the patient 

records at the hospital and from the Finnish 
Cancer Register.

For the cell culture experiments human non-
malignant bronchial cells BEAS-2B and human 
lung adenocarcinoma cell line SK-LU-1 and 
squamous cell carcinoma cell line SK-MES-1 
were obtained from American Type Culture 
Collection (Rockville, MD) and cultured as rec-
ommended by the manufacturer.

Immunohistochemistry for tissue specimen

Four-micrometer sections were mounted on 
SuperFrost Plus slides (Menzel-Gläser, Ger- 
many) and deparaffinized in xylene, rehydrated 
in graded alcohols, and rinsed in 0.01M phos-
phate-buffered saline (PBS). Microwave-stimu- 
lated antigen retrieval was performed in 10 mM 
citrate buffer, at pH 6.0. Endogenous peroxi-
dase was blocked with aqueous 0.3% H2O2 for 
15 min. 

A primary polyclonal rabbit anti-human anti-
body to slug (RB 1398) was purchased from 
Abgent (San Diego, CA, USA), polyclonal rabbit 
anti-claudin 1 (clone JAY.8) was purchased from 
Zymed laboratories Inc (South San Francisco, 
CA) and anti-mouse vimentin antibody (Clone  
3B4) from Dako (Dakopatts, Copenhagen). An 
avidin-biotin-peroxidase method was applied 
using Dako Envision Kit (Dakopatts, Copen- 
hagen) or HistostainTM Kit (Zymed Laboratories 
Inc). Primary antibodies were diluted in PBS 
containing 1% bovine serum albumin (BSA) and 
0.02 M glycine. PBS was used in all washing 
steps, the sections were incubated overnight 
with the antibodies to slug (dilution 1:100), 
vimentin (1:100) and claudins 1 (dilution 1: 
100). Diaminobenzidine (Sigma-Aldrich, Stein- 
heim, Germany) was used as the chromogen 
and the sections were lightly counterstained 
with Mayer’s hematoxylin. As negative control, 
the primary antibody was replaced by PBS and 
rabbit or mouse non-immune serum. Sections 
of corresponding normal tissues and non-
lesional areas in the test sections served as 
positive controls. 

For slug the samples were evaluated for the 
absence (-) or presence (+) of nuclear immuno-
reactivity; For vimentin the samples were evalu-
ated for the absence (-) or presence (+) of cyto-
plasmic immunoreactivity; For claudin locali- 
sation of reaction product to cell membrane 
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Table 1. Comparison of slug, vimentin, 
claudin 1, MMP2 and MMP9 expression in 
squamous cell carcinoma (SCC) and Adeno-
carcinoma (AC)

SCC AC P-value
Slug- 99 (78%) 96 (84%)
Slug+ 28 (22%) 18 (16%) 0.25
Vimentin- 75 (60%) 69 (62%)
Vimentin+ 50 (40%) 42 (38%) 0.78
Claudin1- 17 (14%) 12 (11%)
Claudin1+ 107 (86%) 101 (89%) 0.55
MMP2- 35 (28%) 49 (42%)
MMP2+ 92 (72%) 67 (58%) 0.021
MMP9- 21 (17%) 18 (15%)
MMP9+ 104 (83%) 99 (85%) 0.86
Number of cases is not similar with every antibody due to 
loss of tumor area during sample processing.

and the characteristics of the stain were 
recorded and the staining was quantified as fol-
lows: 0 = negative, 1 = less than 25% of cells 
positive, 2 = 25-50% of cells positive, 3 = 
50-75% of cells positive, 4 = over 75% of cells 
positive. In each case two separate array sam-
ples from each case were studied. The samples 
were studied by two independent observers (YS 
and RK). For the final analysis, the cases with 
less than 25% of cells were considered nega-
tive and the data was divided in two groups; 
negative (<25%) and positive (>25%).

Immunohistochemical staining for MMP2 and 
MMP9 was conducted as follows: Four-
micrometer sections were cut on slides coated 
with poly-L-lysine (Sigma Chemicals, St. Louis, 
Mo) and incubated overnight at 37°C. The 
slides were deparaffinized and hydrated and 
treated with 0.5% pepsin (2000 FIP-U/g, Merck, 
Darmstadt, Germany) for 10 minutes at 37°C. 
Endogenous peroxidase activity was blocked by 
incubating the slides in 3% hydrogen peroxide 
in absolute methanol for 10 minutes and non-
specific binding was blocked with 10% goat 
serum for 15 minutes. Mouse monoclonal anti-
body (24 μg/ml, for MMP2 (CA-4001, Diabor, 
Oulu, FI) and mouse monoclonal antibody to 
MMP9 (10 μq/ml) (GE-231 Diabor, Oulu, FI) 
were used as primary antibodies. The slides 
were incubated with primary antibody at room 
temperature overnight after which the 
Histostain bulk kit was used (Zymed Laboratory 
Inc., San Fransisco, Ca, USA). The sections 

were counterstained with haematoxylin and 
mounted with Immuno-mount (Shanon Inc., 
Pittsburgh, PA, USA). For negative controls, the 
primary antibody was replaced by mouse non-
immune IgG or PBS. The evaluation of the 
results was as follows: <5% = negative (-), 
5-25% = weakly positive (+), 25-50% = interme-
diately positive (++), >50% = strongly positive 
(+++). The results were evaluated by two inves-
tigators (TTH, YS). In each case two separate 
array samples from each case were studied. For 
the final analysis, the cases with less than 25% 
of cells were considered negative and the data 
was divided in two groups; negative (<25%) and 
positive (>25%).

Invasion assays

Cell invasion was studied by the gel matrix 
assay (Culturex BME cell invasion assay, 
Trevigen, Gaithersburg, MD) and myoma organ-
otypic model. 

In the myoma organotypic assay 400,000 cells 
were cultured on the myoma tissue for ten days 
and fixed with formalin for the histochemistry 
and immunohistochemistry [22]. The 4 µm thick 
slides were stained with haematoxylin and 
eosin and with anti-human cytokeratin (Dako- 
Cytomation, Glostrup, Denmark) to evaluate the 
distance for the maximal invasion depth (the 
distance from the lower surface of the non-inva-
sive cell layer to the deepest invaded cell).

Recombinant retroviruses and shRNA blocking 
in cell lines 

Lentiviruses were produced in Phoenix-GP 
packaging cells (PhGP-cells). PhGP-cells were 
transfected with lipofectamine 2000 (Invitro- 
gen, Carlsbad, CA, USA). For the cell were given 
low glucose medium just before transfection. 
For the transfection was prepared a mix of 
Optimem (Invitrogen), lipofectamine 2000, 
wanted retroviral vector Slug 865 (Sigma-
Aldrich) and core protein plasmids (REV, pVSV-G 
and Gag/Pol). Mix was added to the cells. 24 
hours post transfection medium was removed 
and changed to fresh medium for virus-collec-
tion. Viruses were collected three times. BEAS-
2B, SK-LU-1 and SK-MES-1 cells were infected 
with fresh virus-stocks. Polybrene (Sigma-
Aldrich) was added in each infection to enhance 
the efficiency of the infection. After the infec-
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konkoma, NY). After electrophoresis, SDS was 
removed by 2.5% Triton X-100 to renature the 
gelatinases. Gels were incubated in 50 mM 
Tris-HCl buffer (pH 7.8, 150 mM NaCl, 5 mM 
CaCl2, 1 M ZnCl2) overnight at 37°C. A set of 
corresponding gels were incubated overnight at 
37°C with 10 mM EDTA in 50 mM Tris-HCl to 
inhibit the metalloproteinase activities. The 
gelatin degradation was visualized under long-
wave ultraviolet illumination followed by 0.5% 
Coomassie Blue R-250 staining of the gels. The 
gels were photographed and cleavage rates of 
gelatin were estimated by determining the 
rates of disappearance of gelatin by densito-
metric scanning of the photographed gels.

Statistical analysis

The statistical analyses were performed with 
SPSS for Windows software (SPSS, Chicago, IL, 
USA) using analysis of variance (ANOVA), 
Fisher’s exact test and the Kruskall-Wallis-test 
when appropriate. Kaplan-Meier survival analy-

tions the infected cells were separated from 
the normal cells by antibiotic selection. In the 
normal mediums of the cell lines were added 
puromycin (Sigma-Aldrich). Puromycin extermi-
nates cells that are not infected. The effective-
ness of shRNA cell blockage was determined 
by detecting loss of slug expression in tumor 
cell lines.

Cell zymography experiments and EDTA-
treatment for MMP2 and MMP9

After cell confluency the serum free media were 
collected from the cells, centrifuged and the 
supernatants were and concentrated with 
10,000 cut off concentration tubes (Millipore, 
Billerica, MA, USA) to final volume of 150 µl. 
Proteins were measured with DC protein assay-
kit (BIO-RAD) and 3 µg of each sample was 
were applied to 1,5 mm 10% SDS polyacryl-
amide slab gels casted in the presence of 1 
mg/ml fluorescently (2-methoxy-2, 4-diphenyl-
3-[2H] furanone) labeled gelatin (Fluka Ron- 

Figure 1. A: Slug immunostaining in squamous cell carcinoma. The nuclei stain positively. B: A case of lung adeno-
carcinoma strongly positive for vimentin. C: In this case of a lung adenocarcinoma, membrane bound positivity for 
claudin 1 can be seen. D: In this case of a lung adenocarcinoma, cytoplasmic positivity for MMP9 is present.
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Figure 2. Patient survival according to slug nuclear expression (1 = absent, 
2 = present) in squamous cell carcinoma. Patients showing slug nuclear 
expression have a poor survival.

sis was used. P-values less than 0.05 were con-
sidered statistically significant. 

Ethical considerations

The study was approved by the ethical commit-
tee of Northern Ostrobothnia Hospital District. 
The survival data was obtained from the Finnish 
Cancer Register after receiving permission 
from the Ministry of Health and Social Welfare 
and the National Supervisory Authority for 
Welfare and Health.

Results

Results of immunohistochemistry

The expression of slug, vimentin, claudin 1, 
MMP2 and MMP9 in squamous cell and adeno-
carcinoma is shown in Table 1 (Immunostaining 
shown in Figure 1). There was a significant dif-
ference only with MMP2 (P = 0.021), its 
expression being stronger in SCC than AC. 

In SCC slug had a positive association with 
vimentin (P = 0.016) but not with claudin 1, 
MMP2 or MMP9 (P = 0.58, P = 0.57, P = 0.46, 
respectively). Additionally, MMP2 associated 
strongly with MMP9 (P < 0.001).

In AC slug had no association with vimentin, 
claudin 1, MMP2 or MMP9 (P = 0.53, P = 0.46, 

MMP2 associated with the presence of lymph 
node metastases (P = 0.031).

Cases of predominantly acinar morphology had 
more often strong claudin 1 expression than 
other types (P = 0.030). No other significant 
associations were observed.

Survival analysis in squamous cell carcinoma

Cases with strong slug expression had a worse 
prognosis (P = 0.006, log rank) (Figure 2). 
Vimentin (P = 0.46), MMP2 (P = 0.56) or MMP9 
(P = 0.40) did not influence patient survival. 
Low claudin 1 expression associated with poor 
survival in one statistical tests (P = 0.11, log 
rank, P = 0.040 Breslow, P = 0.053, Tarone-
Ware). In Cox regression analysis including the 
size, nodal and distant metastases, vimentin, 
MMP2 and MMP9 expression, the age and sex 
of the patients and grade of tumors, slug 
expression had an independent prognostic 
value (P = 0.037) along with tumor size (P = 
0.006), grade (P = 0.039) and low claudin 1 
expression (P = 0.026).

Survival analysis in adenocarcinoma

In contrast to SCC, strong slug expression did 
not influence survival in AC (P = 0.66, log rank). 
Neither had vimentin expression any significant 

P = 0.51, P = 0.44, respective- 
ly). Claudin 1 associated with 
MMP2 (P = 0.037), and MMP2 
had a near significant associa-
tion with MMP9 (P = 0.062).

In SCC, slug was more strongly 
expressed in grade I-II tumors 
(P = 0.033). No association 
was found with tumor size (P = 
0.76), presence of nodal 
metastases (P = 0.68), or dis-
tant metastases (P = 0.48). 
Other markers did not show 
any significant associations 
with TNM factors.

In AC, slug associated with 
grade (P = 0.019), there being 
more grade III cases in tumors 
with slug expression. No asso-
ciation was found with tumor 
size (P = 0.49), presence of 
nodal metastases (P = 0.59), 
or distant metastases (P = 
0.61). Of other markers, 
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myoma organotypic invasion model. In the gel 
matrix assay (Figure 3) BEAS-2B cells were the 
less invasive cell line as expected. The 
SK-MES-1 cell line had more invasive proper-
ties than SK-LU-1 as could be demonstrated by 
both assays (Figure 3). After slug knockout all 
cell lines were less invasive than the normal 
cells. Curiously, in myoma invasion assay model 
BEAS-2B cells were as invasive as the SK-MES-1 
cells as measured by the invasion distance to 
the myometrium (Figure 3). This property was, 

influence (P = 0.77). Expression of MMP2, on 
the other hand, had a worse impact on survival 
(P = 0.021) but MMP9 expression did not (P = 
0.57). High claudin 1 expression had a near sig-
nificant influence on survival (P = 0.07). In Cox 
regression analysis MMP2 had an independent 
prognostic value (P = 0.002).

Invasion assays and claudin 1 expression

Invasion capability of the cell lines was studied 
by two different assays, gel matrix assay and 

Figure 3. Invasion assay results as a graphic presentation. A: Gel matrix invasion assays results showing differences 
between normal cells and blocked cells BEAS-2B (P = 0.123), SK-LU-1 (P = 0.162) and SK-MES-1 (P = 0.002). B: My-
oma organotypic invasion model results showing mean difference between invasion in slug and slug knockout cells.
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not show evident bands in 
zymography. SK-LU-1 did not 
produce the MMP9 protein. 
Knockout of slug did not affect 
MMP2 in zymography. SK-ME- 
S-1 cells produced MMP2 pro-
tein, but not MMP9 enzymatic 
activities. The slug knockout 
cells had a decreased amount 
of MMP2 and produced faint 
bands most likely represent-
ing MMP9 pro and active 
forms. All the gelatinolytic 
activities disappeared after 
EDTA treatment of the gels.

Discussion

In this study we investigated 
the expression of slug in a set 
of lung SCC and ACs by immu-
nohistochemistry and com-
pared it with the clinical data 
of the patients, expression of 
claudin 1, vimentin MMP2 and 
MMP9. In a non-neoplastic 
(BEAS-2B) and two neoplastic 
(SK-LU1 and SK-MES1) cell 
lines invasion was determined 
both in slug expressing and 
slug knockdown cell lines. 
RT-PCR was performed for 
claudin 1 mRNA and cell 
zymography for MMP2 and 
MMP9 for blocked and non-
blocked cell lines. 

however, diminished by slug knockout in these 
cells.

Knockdown of slug mRNA increased the expres-
sion of claudin 1 mRNA. SK-LU-1 cells expressed 
significantly less claudin 1 mRNA (P = 0.038) 
than the slug knock-out cell line. SM-MES1 had 
a similar tendency but the results were not sta-
tistically significant. Curiously, in normal BEAS-
2B cells claudin 1 mRNA was more highly 
expressed than in slug-knockout line. 

Cell zymographic experiments

Zymographic analysis for MMP2 and MMP9 
was performed in slug non knockout and slug 
knockout cell lines (Figure 4). BEAS-2B cells did 

Figure 4. Zymogramms of the cell. MMPs were studied from the 48 hour ex-
posed medium in (A) BEAS-2B cells, (B) BEAS-2B slug knockout cells, (C) ED-
TA-treated BEAS-2B slug knockout cells, (D) SK-LU-1 cells, (E) SK-LU-1 slug 
knockout cells, (F) EDTA-treated SK-LU-1 slug knockout cells (G) SK-MES-1 
cells, (H) SK-MES-1 slug knockout cells and (I) EDTA-treated SK-MES-1 slug 
knockout cells.

We did not find any significant difference 
between SCC and AC in their nuclear expres-
sion of slug. The prognosis of patients with SCC 
was poor and it was an independent prognostic 
factor. Additionally, slug expression was associ-
ated with vimentin suggesting an upregulation 
of mesenchymal trait in SCC and in this way 
promoting EMT related transformation in these 
tumors.

In line with our results slug has been shown to 
be important in EMT involving squamous cell 
neoplasms [23]. In esophageal squamous cell 
carcinoma slug expressing cases had a worse 
survival [24]. In spindle cell squamous epitheli-
al tumors, slug, along with SIP1 and snail was 
upregulated especially in the spindle cell com-
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