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ABSTRACT

The tetraspanin and tumor suppressor KAI1 is downregulated or lost in many 
cancers which correlates with poor prognosis. KAI1 acts via physical/functional 
crosstalk with other membrane receptors. Also, a splice variant of KAI1 (KAI1-SP) 
has been identified indicative of poor prognosis. We here characterized differential 
effects of the two KAI1 variants on tumor biological events involving integrin (αvß3) 
and/or epidermal growth factor receptor (EGF-R). In MDA-MB-231 and -435 breast 
cancer cells, differential effects were documented on the expression levels of the 
tumor biologically relevant integrin αvß3 which colocalized with KAI1-WT but not with 
KAI1-SP. Cellular motility was assessed by video image processing, including motion 
detection and vector analysis for the quantification and visualization of cell motion 
parameters. In MDA-MB-231 cells, KAI1-SP provoked a quicker wound gap closure and 
higher closure rates than KAI1-WT, also reflected by different velocities and average 
motion amplitudes of singular cells. KAI1-SP induced highest cell motion adjacent 
to the wound gap borders, whereas in MDA-MB-435 cells a comparable induction 
of both KAI1 variants was noticed. Moreover, while KAI1-WT reduced cell growth, 
KAI1-SP significantly increased it going along with a pronounced EGF-R upregulation. 
KAI1-SP-induced cell migration and proliferation was accompanied by the activation 
of the focal adhesion and Src kinase. Our findings suggest that splicing of KAI1 does 
not only abrogate its tumor suppressive functions, but even more, promotes tumor 
biological effects in favor of cancer progression and metastasis.

INTRODUCTION

Tumor progression involves well characterized 
cascades of events that enable metastasis formation. 
Members of the tetraspanin or transmembrane-4-
superfamily (TM4SF) have been described as both, 
metastasis suppressors or promoters, due to their multiple 
functions in cancer cell biological processes [1].

By genetic screening, KAI1 (CD82, kangai, or 
C33), one tetraspanin particularly relevant to tumor 
metastasis [2, 3], has first been identified in prostate 
cancer and later, also in other tumor entities, including 
those of the stomach, colon, cervix, skin, bladder, lung, 
pancreas, liver, thyroid, ovary, and breast [4-7]. KAI1 
expression inversely correlated with cancer metastasis. 
Its downregulation or loss was associated with clinically 
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advanced cancers and a worse prognosis [8-16]. In breast 
cancer, high KAI1-WT mRNA was detected in tumors 
with low metastatic potential, whereas it is significantly 
lower in most aggressive and metastatic tumors [6, 9, 
17]. In invasive ductal breast cancer, even no differences 
of KAI1-WT expression among different tumor grades 
had been detected, it correlated with TNM staging and 
patient survival [18]. Also in many metastatic tumor cell 
lines, a reduction or loss of KAI1 had been observed. 
Consequently, its experimental cellular reintroduction 
inhibited in vitro cancer cell migration/invasion and 
suppressed cancer metastasis in animal models [19-24].

So far, for KAI1, no intrinsic catalytic activity has 
been documented. Its functions rather target the regulation 
of membrane organization by its association with and 
lateral positioning of other membrane proteins within 
tetraspanin-enriched microdomains (TEM). Among these 
interaction partners are other tetraspanins, cell adhesion 
molecules, growth factor receptors, and G-protein-
coupled receptors which are implicated in the regulation 
of a variety of cellular events, including cell signaling, 
transcription, cell adhesion, migration, survival, endo- and 
exocytosis, and cell differentiation [5, 24-26].

Cellular activities of KAI1 are most probably 
mediated by its molecular crosstalk with integrin cell 
adhesion and signaling receptors, their expression levels, 
compartmentalization, internalization, and recycling 
[2, 3]. So far, KAI1 has been found to interact with the 
integrins α3ß1, α4ß1, α5ß1, and α6ß1, respectively, as well 
as with αLß2 [3, 26, 27]. In human ovarian cancer cells, 
we previously showed for the first time, that KAI1 also 
crosstalks with integrin αvß3, known to be involved in 
angiogenesis and cancer progression with similar cellular 
functions like KAI1 [28]. As such, KAI1 also impacts 
on receptor tyrosine kinases, such as the epidermal 
growth factor receptor (EGF-R), by affecting its cellular 
localization and internalization [29-33].

Most interestingly, in metastatic gastric cancer, 
a splice variant of KAI1 (KAI1-SP) had been detected 
which lacks the complete exon 7 [32, 34]. In contrast 
to KAI1-WT, elevated KAI1-SP correlated with poor 
patient prognosis indicating that alternative splicing may 
affect KAI1´s tumor suppressive functions. Thus, in the 
present study, we investigated differential effects of KAI1-
WT vs. KAI1-SP on human breast cancer cell adhesion, 
proliferation, and migration.

RESULTS

Reintroduction of KAI1-WT or KAI1-SP into 
cultured human breast cancer cells

For monitoring differential in vitro tumor biological 
effects of KAI1-WT vs. KAI1-SP, human breast cancer 
cell lines MDA-MB 231 and MDA-MB-435, respectively, 
were stably transfected to overexpress either of the two 

KAI1 variants [28, 29]. In order to assure comparability of 
cell experimental data by similar KAI1 expression levels 
of the different cell transfectants, we initially isolated 
several individual and independent transfectants of each 
category and studied congruence of their biological 
behavior at the start of the project. After having confirmed 
that, we selected representative cell transfectants for the 
different investigations. Significant elevation of KAI1 
expression levels over wild type (wt) or vector-transfected 
cells was documented by immunocytochemical staining 
using the mAb (clone # TS82b) from Diaclone, Stamford, 
CT, USA (Figure 1A). The quantification and statistical 
evaluation of fluorescence intensity was done from 
six independent regions of interest (ROI) as described 
under Materials & Methods (Figure 1B). By Western 
blot analysis, we confirmed the successful transfection 
and overexpression of either of the two KAI1 variants 
(Figure 1B).

By qPCR, we documented in stable breast cancer 
cell transfectants elevated KAI1-WT- and KAI1-SP-
mRNA levels over vector transfectants (MDA-MB-231 
KAI1-WT: appr. 1.6-fold; MDA-MB-435 KAI1-WT: 
appr. 1.5-fold; MDA-MB-231 KAI1-SP: appr. 1.6-fold; 
and MDA-MB-435 KAI1-SP: appr. 1.8-fold) (Figure 1C).

Detection of KAI1-WT and KAI1-SP mRNA in 
human breast cancer tissues

Nested PCR primer pairs generating a 255 bp 
and a 171 bp fragments for KAI1-WT and KAI1-
SP, respectively, were used to screen a small series of 
eight human breast cancer tissues for the presence of 
endogenous mRNA for KAI1-WT and KAI1-SP (Figure 
1D, lane 1-8) [29]. Besides mRNA for KAI1-WT, to 
our knowledge, we here observed for the first time also 
KAI1-SP mRNA in human breast cancer cells, as noticed 
by us before in human ovarian cancer cells. As control, 
PCR products were generated from MCF10A cells, which 
represent human mammary epithelial cells widely used for 
studying normal breast cell functions (Figure 1D, lane 9). 
Here, predominantly the PCR product for KAI1-WT was 
detected.

Impact of KAI1-WT/KAI1-SP on the expression 
and membrane distribution of integrin αvß3

We next wondered whether stable cellular 
expression of either of the two KAI1 proteins affects 
αvß3 expression levels. Indeed, by immunocytochemical 
staining and FACS analysis of MDA-MB-231 cells, we 
found that both KAI1 proteins decreased αvß3 expression 
levels, KAI1-WT by up to 50% and KAI1-SP by up to 
30% when compared to vector-transfectants and wt cells. 
In contrast, in MDA-MB-435 cells, both KAI1 proteins 
induced αvß3 levels, KAI1-WT by up to 2.5-fold and 
KAI1-SP by up to 6.5-fold (Figure 2A and 2B).
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Figure 1: Restoration of KAI1-WT and KAI1-SP expression in human breast cancer cells. (A) The human breast cancer cell 
lines MDA-MB-231 and -435 were stably transfected and the success of KAI1-WT or KAI1-SP expression proven by imunocytochemical 
staining. Fluorescence signal intensity was evaluated by CLSM and converted into a pseudo glow scale: low intensity (red), medium 
intensity (yellow), and high intensity (white). The histogram depicts the data from the quantification of the fluorescence intensity of six 
independent ROIs within each of the CLSM images. (B) Western Blot analyses were conducted as described, confirming the results of 
immunocytochemical staining. GAPDH served as control for protein loading and blotting efficiency. (C) Detection of mRNA for KAI1-
WT or KAI1-SP in human breast cancer cell transfectants by quantitative PCR analysis. Data are given as relative mRNA expression levels 
compared to vector transfectants, which were set to “1”. (D) Detection of endogenous mRNA for KAI1-WT or KAI1-SP in eight human 
breast cancer tissue samples (lane 1-8) by nested PCR analysis as described under Materials & Methods. As control, PCR products obtained 
from MCF10A human mammary epithelial cells were generated (lane 9).
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Figure 2: Effect of KAI1-WT or KAI1-SP on the expression and membrane distribution of integrin αvß3. (A) Integrin 
αvß3 expression in wt cells and the different cell transfectants of MDA-MB231 and -435 cells was monitored as a function of KAI1-WT or 
KAI1-SP by immunocytochemical staining [28]. (B) In addition, αvß3 expression was analysed by FACS [28]. Depicted are mean values 
(± s.d.) of three independent determinations by setting the αvß3 expression level in the respective wt cells to “1”. Statistically significant 
differences (p <0.05) as compared to αvß3 levels in wt cells are indicated by an asterisk. (C) Analysis of the colocalization of KAI1-WT 
or KAI1-SP with αvß3. Immunocytochemical double staining of KAI1-WT or KAI1-SP with integrin αvß3 was performed as described. 
Depicted are typical and representative CLSM images. Colocalization of the two KAI1 proteins with either αvß3 or the integrin αv-subunit 
alone was documented by merging the two fluorescence images in “green” (488 nm) and “red” (568 nm), indicating similar distribution 
patterns of both cell surface proteins within merged images as “yellow”.
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Since functional crosstalk of membrane interaction 
partners may be facilitated by their close neighbourhood 
within the cell membrane, we performed co-localization 
studies by immunocytochemical double staining. On 
MDA-MB-231 cells, KAI1-WT significantly colocalized 
with αvß3, which was, however, not the case for KAI1-SP. 
The same was true for MDA-MB-435 cells, however, not 
as apparent as in MDA-MB-231 cells (Figure 2C).

Effect of human KAI1-WT/KAI1-SP on αvß3/
VN-mediated breast cancer cell adhesion

In the presence of vitronectin (VN) as underlying 
adhesive matrix, both wt breast cancer cell lines enhanced 
adhesion. In MDA-MB-231 cells, KAI1-WT provoked 
increased cell adhesion which was further enhanced by 
VN (up to 6-fold upon setting the adhesive strength of 
wt cells adherent to uncoated cell culture dishes to “1”). 
KAI1-SP strengthened the adhesive cell capacity even 
more: on uncoated cell culture dishes by up to 4.8-fold, 
onto VN by up to 8.3-fold. In MDA-MB-435 cells, which 
in the wt form harbor significantly lower endogenous 
αvß3 levels than MDA-MB-231 wt cells, the differential 
effects of KAI1-WT and KAI1-SP were not as obvious. 
KAI1-WT provoked here also increased cell adhesion, 
however, with no significant differences in the presence of 
VN, reaching an adhesive strength onto VN comparable to 
that of wt cells. In MDA-MB-435 KAI1-SP transfectants, 
concomitant with its induction of αvß3 expression (Figure 
2A), the cell adhesive strength onto VN was highest (up to 
2.7-fold) (Figure 3A).

In addition, we monitored the adhesion profiles of the 
two wt breast cancer cell lines to the extracellular matrix 
(ECM) proteins VN, fibronectin (FN), collagen type I 
(Coll-I), or collagen type IV (Coll-IV) (Figure 3B). In both 
cell lines, all different ECM proteins provoked a similar 
and significant increase in cell adhesion as compared to 
cells adherent to uncoated cell culture dishes. In order 
to investigate the involvement of αvß3 in these adhesive 
events, we kept the αvß3-directed synthetic cyclic peptide 
cRGDfV present as competitor [35, 36]. This peptide 
exclusively reduced cell adhesion to VN, indicating that 
adhesion to VN is largely mediated by αvß3. The non-
integrin-binding control peptide cRADfV did not interfere 
with any of the observed adhesive events (Figure 3B).

Effects of KAI1-WT or KAI1-SP on breast 
cancer cell migration

Generally, for the full assay period (1 h to 11 h after 
wounding of cell monolayers) and all ECM protein coatings 
tested here, both, KAI1-WT- and KAI1-SP-transfected 
MDA-MB-435 cells demonstrated higher motility than 
MDA-MB-231 cell transfectants (Figure 4). In MDA-
MB-231 cells, KAI1-SP led to a quicker wound gap closure 
than KAI1-WT. The extent of wound gap closure after 11 h 

was highest in the presence of either VN or FN as underlying 
cell adhesion matrix (Figure 4A). To our surprise, in MDA-
MB-435 cells, no obvious difference in wound gap closure 
after 11 h was visible (Figure 4B). The results from cell 
motion quantification over the full time period between 
2.5 h to 10 h after wounding of cell monolayers of MDA-
MB-231 cells adherent to VN correlated well and confirmed 
a fastest linear increase in motion area coverage in the 
presence of elevated KAI1-SP (Figure 4C). As follows, the 
determined wound gap closure rates were higher than for 
KAI1-WT (Figure 4D). The quantification and statistical 
evaluation of the change in motion area and the wound gap 
closure rates were determined from 10 independent ROIs as 
described under Materials & Methods. The closure rates of 
the wound gaps shown in Figure 4A and 4B are determined 
from the gradient of the linear fits of the data shown in 
Figure 4C for the period 2.5 h to 10 h after wounding 
cell monolayers. The average and standard deviation of 
the wound gap closure rate (Δ motion area / time) was 
calculated from 10 independent ROIs, quantifiably showing 
the difference in the migratory activity of cells for example, 
2.6 μm2/h for MDA-MB-231 KAI1-WT transfectants, 6.7 
μm2/h for MDA-MB-231 KAI1-SP transfectants as well 
as 6.9 μm2/h for MDA-MB-435 KAI1-WT- or MDA-
MB-435 KAI1-SP transfectants, all cells being adherent 
to VN (Supplementary Figure 2). For MDA-MB-435 cells 
though, the differences in wound gap closure rates for the 
different transfectants were not as obvious as in MDA-
MB-231 cells. For MDA-MB-231 cells, we observed that 
already at 1 h, and even more prominently, at 11 h after 
wounding of cell monolayers, the magnitude of velocities 
of individual KAI1-SP-transfected cells located directly 
at the wound gap border were highest as compared to 
cells within any other cell monolayer area. For KAI1-WT 
transfectants, we observed lower velocities for all cells. For 
cells located adjacent to the wound gap border, only after 
11 h, slightly higher velocities were noticed as compared 
to cells located elsewhere in the cell monolayers (Figure 
4A). The same differential effects between the two different 
KAI1-transfectants were seen for MDA-MB-435 cells at 1 
h and at 11 h after wounding cell monolayers. However, 
these differences were not as pronounced as noticed for 
MDA-MB-231 cells (Figure 4B). Further, noticeably 
different are the velocities of all cells at 1 h and at 11 h 
after wounding of MDA-MB-231 cell monolayers as 
compared to MDA-MB-435 cells. The amplitude of the 
motion of the cells was higher in all MDA-MB-435 cell 
transfectants in the presence of ECM proteins tested here, 
even than MDA-MB-231 KAI1-SP transfectants with a 
higher wound gap closure rate. In order to differentiate 
variations in cell migratory velocities among the different 
cell transfectants over the full assay time period, the average 
motion (amplitude) was analysed (Figure 4D). We observed 
that the amplitude of average motion correlated well with 
the wound gap closure rates but the differences in the 
average motion were apparent within 2.5 h versus 10 h of 
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observation required to determine the wound gap closure 
rate. Namely, MDA-MB-231 KAI1-SP cell transfectants 
had almost twice higher average motion than the KAI1-
WT-transfectants over the full assay time period. For 
MDA-MB-435 cells, we observed for all transfectants and 
ECM surface coatings tested here, higher average motion 
amplitudes, comparable with KAI1-SP-transfected MDA-
MB-231 cells. A difference in MDA-MB-435 cells was 

the increasing average motion during the first half of the 
assay (up to appr. 6 h after wounding of cell monolayers). 
The amplitudes plateaued at the mid-assay level from the 
6th hour until the end of the assays. The quantification 
and statistical evaluation of the change in motion area 
and the wound gap closure rate were determined from 
10 independent ROIs as described under Materials & 
Methods.

Figure 3: Effect of KAI1-WT or KAI1-SP on αvß3/VN-mediated breast cancer cell adhesion. (A) The cell adhesive capacity 
of KAI1-WT- or KAI1-SP-transfected breast cancer cells was monitored in the absence (none) or presence of VN as described. Vector 
transfectants and wt cells with low expression of KAI1 proteins served as controls. Data are depicted as mean values of three independent 
experiments (± s.d.) as “n-fold” (± s.d.), by setting the adhesive capacity of wt cells adherent to uncoated cell culture plates to “1”. 
Statistically significant differences (p <0.05) as compared to the respective wt cells adherent to non-pretreated cell culture dishes are 
indicated by an asterisk. Also, significance of data comparing a respective cell transfectant in the absence or presence of VN are indicated. 
(B) Monitoring of cell adhesion profiles of MDA-MB-231 and -435 wt cells to different ECM proteins, VN, FN, Coll-I, or Coll-IV or 
uncoated cell culture dishes (none). The cell adhesive capacity was quantified as described before [28, 29]. Integrin αvß3-dependent cell 
adhesion was recorded in the presence of the αvß3-directed cyclic peptide cRGDfV as competitor [35, 36]. The non-integrin binding 
peptide cRADfV served as control. Data of three independent experiments are given as mean values (± s.d.) by setting the adhesive strength 
of cells grown in the absence of any ECM protein and peptide to “1”.
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Figure 4: Effect of KAI1-WT or KAI1-SP on breast cancer cell motility. Migratory activity of MDA-MB-231 (A) and -435 
(B) cells adherent to VN, FN, or non-pretreated cell culture plates was detected by wound scratch assays, using the SI8000 Cell Motion 
Imaging System (Sony Corporation). Shown are representative images starting 1 h after wounding of cell monolayers and after 11 h of 
further cell cultivation. In addition, the magnitudes of the different velocities are depicted in a blue-red color mapped overlay, indicating 
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Impact of KAI1-WT/KAI1-SP on the expression 
and activation of the focal adhesion kinase

Changes in integrin signaling as a function of the two 
KAI1 variants were monitored by immunocytochemical 
detection of the cellular expression and activation/
phosphorylation of FAK as the most prominent integrin 
downstream signaling molecule. KAI1-WT-transfected 
MDA-MB-231 cells showed similar p-FAK expression 
levels as wt and vector-transfected cells. However, 
exclusively in the presence of KAI1-SP, elevated p-FAK 
levels were detected (up to 2.5-fold), concomitant with 
strong focal adhesion formation. Total FAK expression 

levels were not altered in any of the KAI1 transfectants 
when compared to wt cells (Figure 5A). Although in 
MDA-MB-435 cells p-FAK expression levels were 
quite comparable among all cellular transfectants, it 
was nevertheless documented that only in the presence 
of elevated KAI1-SP, prominent formation of focal 
adhesions was observable. Also here, differences in total 
FAK expression levels among all cell transfectants and 
wt cells were negligible (Figure 5B). The quantification 
and statistical evaluation of fluorescence signal intensity 
was calculated from six independent ROIs as described 
under Materials & Methods. In addition, we analysed 
FAK and p-FAK expression, respectively, by Western 

Figure 4: (Continued) the highest magnitude of velocity in red and the lowest in blue. (C) Absolute change in coverage of area by 
cells Δ (= delta) motion area. The percentage of area coverage at time x minus the percentage of area coverage at 2.5 h after wounding 
was set to 0% for all variations at 2.5 h after wounding in order to ensure clear observation of the coverage variation for the different cell 
transfectants for the period 2.5 h to 10 h after wounding of cell monolayers. The average and standard deviation of Δ (= delta) motion area 
was calculated from 10 independent ROIs as described under Materials & Methods. From the gradients of linear fits of this data (2.5 h to 
10 h plotted here), the closure rate over this period could be determined, for example, 2.6 μm2/h for MDA-MB-231 KAI1-WT transfectants, 
6.7 μm2/h for MDA-MB-231 KAI1-SP transfectants; and 6.9 μm2/h for MDA-MB-435 KAI1-WT transfectants or MDA- MB-435 KAI1-SP 
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Figure 4: (Continued) transfectants, all cells being adherent to VN. (D) The average motion of the cells plotted for the same time period 
in the assay (2.5 h to 10 h). The cell motion varied between 6.5 and 7.5 μm/h for MDA-MB-231 KAI1-WT cell transfectants, but was faster 
and varied between 9.5 and 10.5 μm/h for the corresponding KAI1-SP transfectants; and even faster - between 10 and 12.5 μm/h for both 
KAI1-WT- and KAI1-SP-transfected MDA-MB-435 cells.
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blot analysis thereby confirming the regulatory effects of 
KAI1-WT and KAI1-SP on FAK activation as detected by 
immunocytochemical analysis (Figure 5C).

Proliferative activity of human breast cancer 
cells as a function of KAI1

Cells were cultivated over 120 h and cell numbers 
counted at distinct time intervals. Cell numbers are 
given as `n-fold´ by setting the cell numbers of each cell 
transfectant at time point 3 h - when cell adhesion was 
fully established - to “1”. In MDA-MB-231 cells, KAI1-
SP increased cell numbers by up to 8.1-fold, KAI1-WT by 
up to 3-fold, vector transfectants by up to 4.5-fold, which 
was comparable to wt cells (up to 4.3-fold). In MDA-
MB-435 cells, we also noticed enhanced cell proliferation 
rates by KAI1-SP expression (up to 5.9-fold) as compared 
to KAI1-WT (2.9-fold), vector transfectants (3.8-fold), 
and wt cells (up to 4.1-fold) (Figure 6).

Expression and cellular distribution of the 
EGF-R in human breast cancer cells dependent 
on KAI1 protein expression

Because the EGF-R is mainly involved in cancer 
cell proliferative activity, also in concert with integrins 
[37], we next wondered whether altered cell proliferation 
by KAI1 proteins mirrors changes in EGF-R expression. 
Similar EGF-R levels were observed in vector- and KAI1-
WT-transfected cells with only a slight increase by KAI1-
WT. However, KAI1-SP expression led to a pronounced 
EGF-R upregulation in both breast cancer cell types as 
compared to vector transfectants: in MDA-MB-231 
cells by up to 4.4-fold; in MDA-MB-435 cells, which 
harbor appr. 3-fold higher endogenous EGF-R levels than 
MDA-MB-231 cells, by up to 1.4-fold (Figure 7A). The 
quantification and statistical evaluation of fluorescence 
signal intensity was calculated from six independent ROIs 
as described under Materials & Methods. Moreover, we 
analysed EGF-R expression as a function of either KAI1-
WT or KAI1-SP in human breast cancer cells by Western 
blot analysis and were able to confirm the results obtained 
by immunocytochemical analysis (Figure 7B).

Monitoring the EGF-R promoter activity in MDA-
MB-231 cells revealed that EGF-R protein upregulation by 
KAI1-SP was under transcriptional control. We found an up 
to 70% increase of EGF-R promoter activity as compared 
to vector transfectants. In MDA-MB-435 cells, however, we 
detected only a slight but insignificant increase of EGF-R 
promoter activity in the presence of KAI1-SP (Figure 7C). 
KAI1-WT overexpression had no effect.

In order to distinguish between the amount of 
membraneous and total EGF-R expression, we determined 
its content in viable vs. fixed breast cancer cells by FACS 
analysis. This allows the calculation of the extent of 
internalization of EGF-R versus its cell surface expression. 

In viable MDA-MB-231 cells, KAI1-WT expression 
slightly reduced expression of EGF-R on the cell surface 
as compared to KAI1-SP- and vector-transfectants, which 
behaved similarly (data not shown). These findings 
strengthen the idea of KAI1 as an important trafficking 
molecule. Because KAI1-SP provoked increases of cell 
proliferative activity and EGF-R levels, we wondered 
whether cell proliferation might be even stronger enhanced 
by the exogenous addition of EGF. Indeed, after 72 h of 
cell cultivation, we monitored an additional proliferative 
response to EGF in KAI1-SP expressers, whereas 
proliferation rates upon KAI1-WT expression were not 
further inducible by EGF (Figure 7D).

Differential effects of KAI1-WT and KAI1-SP on 
the activation of the Src kinase

The mechanisms and signaling events underlying 
the role of KAI1 as a metastasis suppressor are not fully 
understood yet. Previously it had been reported that KAI1-
WT downregulated the activation of the Src kinase [38], 
which also interacts with integrins, FAK, and various 
growth factor receptors. Since its involvement in KAI1 
effects had been strongly proposed, we studied differential 
effects of KAI1-WT and KAI1-SP on Src expression and 
activation. By Western blot analysis, we found that p-Src 
levels significantly increased in both breast cancer cell 
lines as a function of KAI1-SP, whereas KAI1-WT did 
not alter Src kinase activation. Total Src expression levels 
did not change by the presence of either of the two KAI1 
variants when compared to wt and vector-transfected cells 
(Figure 8).

DISCUSSION

Tumor suppressors markedly affect tumor cell 
adhesion, migration/invasion, dissemination, proliferation, 
and survival thereby controlling cancer metastasis. 
Consequently, when tumor suppressors are lost, cancer 
progression is significantly facilitated [39]. KAI1 was 
identified as a putative tumor suppressor, however, the 
exact mechanisms of its actions and underlying signaling 
events are still not completely resolved. So far, no 
intrinsic activity was reported for KAI1 and accumulating 
evidence points to its role as a trafficking molecule 
regulating protein/protein-interactions, organizing and 
distributing multiprotein complexes on cell membranes 
[40]. In fact, many protein partners associating with KAI1 
have been identified, among those integrins, which are 
also fundamentally involved in cancer progression and 
metastasis [24, 26, 34, 41]. In recent years, a splice variant 
of KAI1 had been identified, which is associated with poor 
patient prognosis, indicating its loss of tumor suppressive 
functions [34].

In the present study, we explored differential effects 
exerted by the two KAI1 protein variants which impact on 
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Figure 5: Immunocytochemical detection of FAK or p-FAK as a function of KAI1-WT or KAI1-SP expression. 
Staining procedures for FAK or p-FAK in MDA-MB-231 (A) and MDA-MB-435 cells (B) adherent to VN were conducted. 
Representative fluorescence CLSM images are illustrated together with the corresponding differential interference contrast images. 
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tumor biological events. To this end, we transfected human 
MDA-MB-231- and 435 breast cancer cells to express 
elevated levels of KAI1-WT or KAI1-SP. Because we 
previously identified for the first time integrin αvß3 as a 
novel interaction partner of KAI1 in human ovarian cancer 
cells, besides ß1-integrins, we studied KAI1-WT/KAI1-
SP effects on αvß3 expression levels. In MDA-MB-231 
cells, we demonstrated that both, KAI1-WT and KAI1-
SP decreased αvß3 expression, whereas in MDA-MB-435 
cells, KAI1-WT slightly increased αvß3 expression. These 
changes in αvß3 levels by KAI1-WT are contrasting to our 
previous findings in human ovarian cancer cells [28] as 
well as in prostate cancer cells [42] where no alterations 
of αvß3 levels were observed. Regarding KAI1-SP, we 
noticed increases of αvß3 in human breast cancer cells 
similar to our earlier findings in human ovarian cancer 
cells [29]. Depending on the cancer cell types, others have 
also reported different KAI1 effects within this respect. 
As such, in metastatic prostate cancer cells, KAI1-WT 
diminished α6-mediated cell adhesion, most probably due 
to enhanced α6 internalization [43]. Most interestingly, 
on the surface of human breast cancer cells, we noticed 
an obvious colocalization of KAI1-WT with αvß3, which 

was not the case for KAI1-SP. The differential crosstalk of 
the two KAI1 variants with respective interaction partners 
is certainly attributable to structural alterations following 
the loss of the exon 7 in KAI1-SP. The exon 7 encodes 
28 amino acids spanning the proximal parts of the fourth 
transmembrane domain (TMD) and the distal part of the 
large extracellular loop (LEL), which, in fact, had been 
proposed to mediate KAI1´s protein interactions [34]. 
In fact, one-third of the amino acid residues of KAI1 is 
embedded within the membrane lipid bilayer and contains 
polar amino acid residues. Mutations of the latter abrogate 
the effects of KAI1 on cell migration, invasion, and 
metastasis. They are important for molecular packing of 
the TMDs and the stability of a functionally active KAI1 
conformation. However, they seem not to be instrumental 
for KAI1´s associations with integrins. So far, responsible 
epitopes within the LEL have not been identified [44]. 
The elucidation of those important structural features will 
further the understanding of KAI1´s actions as a tumor 
suppressor in concert with its interaction partners. The 
solution structure of KAI1, which had previously been 
modeled, will certainly aid to predict modes of those 
associations [27].

Figure 5: (Continued) The histogram depicts the data from the quantification of the fluorescence signal intensity of six independent 
ROIs within CLSM images as described under Materials & Methods. Data are given as arbitrary units (“n-fold”) by setting the values 
for FAK and p-FAK expression, respectively, in vector transfectants to “1”. Statistically significant differences (p <0.05) as compared 
to the respective vector transfectants adherent to non-pretreated cell culture dishes are indicated by an asterisk. (C) FAK and p-FAK 
expression was also determined in MDA-MB-231 and -435 transfectants by Western blot analysis as described. GAPDH served as 
control for protein loading and blotting efficiency.
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Regarding the cell adhesive capacity, MDA-
MB-231 KAI1-SP cell transfectants, with a slightly 
decreased αvß3 expression exhibited best adhesion; 
KAI1-WT transfectants, although exerting slightly 
reduced αvß3 levels, still improved cell adhesion 
when compared to wt cells which already harbor high 
endogenous αvß3 levels. These findings imply that 
here also other integrins/cell adhesion molecules might 
be affected by KAI1 proteins, since, in fact, several 
other integrins, e.g. of the ß1-subfamily, had been 
reported as KAI1 interaction partners [3]. Moreover, it 

may be considered that besides changes in the integrin 
density on cell surfaces, the integrin activation status 
is a decisive point for cellular adhesive strength. In 
fact, we and others showed that integrin activation 
results in strongly enhanced ligand binding affinity 
and acquirement of signaling capability, here indeed 
reflected by strong FAK activation upon KAI1-SP-
expression [45]. In MDA-MB-435 cells, KAI1-WT 
transfectants displayed similar αvß3 levels and adhesion 
profiles like vector-transfectants and wt cells. In 
contrast, KAI1-SP prominently increased αvß3 levels, 

Figure 6: Effect of KAI1-WT or KAI1-SP on breast cancer cell proliferation. Proliferative activity of human breast cancer cells 
as a function of KAI1-WT or KAI1-SP was determined by cell counting over a cultivation period of 120 min. Cell numbers are depicted as 
“n-fold” (± s.d.) by setting the cell numbers of each cell transfectant at time point 3 h - when cell adhesion was fully established - to “1”. 
Statistically significant differences (p <0.05) of data at time point 120 h as compared to the respective wt cells are indicated by an asterisk.
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Figure 7: Effect of cellular KAI1-WT or KAI1-SP on EGF-R expression in human breast cancer cells. (A) 
Immunocytochemical staining. Cells adherent on VN were stained as described before [59]. Vector transfectants served as controls. Depicted 
are representative fluorescence CLSM images and the corresponding differential interference contrast images. The histogram depicts the 
quantification of the fluorescence signal intensity of EGF-R expression of six independent ROIs within CLSM images as arbitrary units. 
Statistically significant differences (p <0.05) as compared to the respective vector transfectants are indicated by an asterisk. (B) In addition, 
EGF-R expression was determined in MDA-MB-231 and -435 cell transfectants by Western blot analysis as described. GAPDH served as 
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resulting in an only moderate increase of cell adhesion 
to VN. Still, prominent focal adhesion formation was 
observed, indicative of integrin activation, clustering, 
and signaling. These varying results are most probably 
due to cell type-specific features regarding repertoire, 
density, and activation status of their adhesion molecules.

Because a fine-tuned and appropriate cell type-
specific adhesive strength is indispensable for an efficient 
cell migratory capacity, we next investigated whether 
KAI1-WT and KAI1-SP also exert here differential 
effects. In MDA-MB-231 KAI1-SP cell transfectants, 
we disclosed enhanced cellular motility as compared 
to KAI1-WT expressers. In wound scratch assays, the 
progress of wound gap closure was most obvious in the 
presence of VN. Interestingly, in MDA-MB-435 breast 
cancer cells, at least over a time frame of 11 h, neither 
an obvious difference in wound gap closure was visible 

between KAI1-WT and KAI1-SP transfectants, nor 
was the closure significantly affected by the underlying 
ECM proteins. In line with the observed accelerated 
wound gap closure in the presence of KAI1-SP in MDA-
MB-231 cells, we also documented higher cell migration 
velocities along the wound scratch borders as compared 
to cells located within denser cell monolayer areas and/
or those cells being attached more distant from the wound 
gap. Correspondingly, for KAI1-WT transfectants, we 
observed and calculated significantly lower velocities 
for cells located close to the edges of the wound gaps. 
A similar correlation was observed for the average 
motion: in the case of MDA-MB-231 cells, in the full 
assay time period, the average motion amplitude of 
KAI1-SP cell transfectants was much higher than that 
of KAI1-WT expressers. Differently, for MDA-MB-435 
cells, we observed roughly the same average motion for 

Figure 7: (Continued) control in order to normalize for differences in protein loading and blotting efficiency. (C) Measurement of 
EGF-R promoter activity as a function of cellular KAI1 proteins. Reporter gene assays were conducted. Data are given as quotients of 
relative light units (RLU) for firefly vs. renilla luciferase (mean values of n = 3± s.d.). For better comparison, the quotient calculated for 
wt cells was set to “1”. Statistically significant differences (p <0.05) to wt cells are indicated by an asterisk. (D) Effect of EGF-stimulation 
on cell proliferation dependent on KAI1-WT or KAI1-SP expression. Proliferative activity in the absence (none) and presence of EGF was 
monitored as described [59]. Depicted are the mean data values (± s.d.) of three independent determinations as cell proliferation (n-fold) 
by setting the proliferative capacity of vector transfectants in the absence of EGF to “1”. Statistically significant differences (p <0.05) as 
compared to vector transfectants are indicated by an asterisk.
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all cells/ECM proteins studied. This average motion for 
all MDA-MB-435 cell transfectants/ECM coatings was 
even slightly higher than the highest average motion of 
KAI1-SP in MDA-MB-231 cells. Others also reported 
from human breast cancer cells and various other cancer 
cell entities, that cell adhesion and migration/invasion 
prominently decreased by elevated KAI1-WT levels 
[19, 22-24, 46-48]. In case of MDA-MB-435 cells, the 
observed differences in adhesive strength provoked by 
KAI1-WT or KAI1-SP did not appear to be sufficient 
to significantly alter cell motility. In contrast, in MDA-
MB-231 cells, the documented enhancement of αvß3/VN-
mediated cell adhesion might have resulted in a sufficient 
grip of adherent cells to the underlying ECM in order to 
reorganize cytoskeletal components and move a cell´s 
body forward.

The signaling events contributing to the 
tumor suppressive actions of KAI1 are yet not fully 
unraveled. Several mechanisms have been proposed so 

far, including KAI1-dependent control over integrin-
mediated signal transduction and biological events 
arising thereof [6]. Indeed, we here documented a 
substantial activation of FAK as the crucial downstream 
integrin signaling molecule as well as focal adhesion 
formation by KAI1-SP but not by KAI1-WT. These 
findings are similar to our previous observations in 
ovarian cancer cells [29] and that of others in prostate 
cancer cells, where KAI1-WT also diminished FAK 
activation [22, 24]. In prostate cancer cells, it was 
also recently reported that the negative impact of 
KAI1 on epithelial-to-mesenchymal transition was 
due to its interactions with the integrins α3ß1 and 
α5ß1, its interference with integrin activation, and, 
consequently, its hinderance of integrin signaling via 
FAK. Moreover, it is known that FAK together with Src 
forms an activated dual kinase complex in many tumor 
cells, leading to reduced cell adhesion and enhanced 
migration [3, 43, 49]. Previously, it had been reported, 

Figure 8: Detection of Src kinase expression and activation as a function of KAI1 proteins. Preparations of lysates from 
MDA-MB-231 and -435 cell transfectants, electrophoresis, and blotting were performed as described before [59]. Blotting membranes were 
incubated with either an antibody directed to Src or, as a measure of Src activation, to p-Src. Reactive proteins were visualized by ECL 
according to the manufacturer’s recommendations. In order to normalize differences in protein loading and blotting efficiency, membranes 
were stripped and reprobed by an Ab raised against GAPDH.
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that KAI1-WT also weakens adhesion-dependent 
Src activation, which consequently affects FAK 
phosphorylation [50-52]. Src also represents a major 
player in cancer biology crucially affecting tumor 
growth and metastasis by crosstalking with various 
upstream and downstream signaling molecules, 
including integrins and various growth factor receptors 
[50]. In human breast cancer cells, although we 
could not confirm any downregulation of Src kinase 
activation by KAI1-WT, we here documented for the 
first time that KAI1-SP led to a prominently enhanced 
Src activation. This again strongly underlines its role 
as an opponent player to its tumor suppressive parental 
molecule KAI1-WT.

Dysregulation of tumor cell proliferation also 
represents an oncogenic hallmark involving specific 
integrins [53]. In breast cancer cells, KAI1-SP provoked 
a prominently enhanced cell proliferation, whereas, 
in contrast, KAI1-WT expression led to a reduced 
proliferative activity, even below that of wt and vector-
transfected cells. We and others have published similar 
results from studies with ovarian, pancreatic, and breast 
cancer cells, perfectly in line with the putative role of 
KAI1 as a tumor suppressor [28, 29, 54, 55]. Moreover, 
in in vivo metastasis models, inoculation of KAI1-WT-
transfected breast cancer cells into the mammary fat pads 
or tail veins of athymic nude mice led to a significant 
suppression of their metastatic potential and tumor burden 
[20]. Moreover, either by injecting KAI1-WT into human 
pancreatic cancer cells or KAI1-WT expression vectors 
into heterotopic human pancreatic adenocarcinoma, 
a significant decline of tumor volume, lung, and liver 
weight, as well as number of lung metastatic nodules was 
documented [56]. All of these findings suggest that KAI1-
WT also inhibits tumor metastasis by the downregulation 
of tumor cell proliferation at metastatic loci. Following in 
vivo tumor growth after subcutaneous injection of KAI1-
transfected cells into BALB/c mice, all of the parental and 
KAI1-SP-transfected cells formed tumors, whereas only 
70% of the mice inoculated with KAI1-WT expressing 
cells developed tumors [34]. Furthermore, KAI1-WT-
transfected murine colon adenocarcinoma cells exerted 
reduced proliferative activity whereas here, KAI1-SP-
transfectants behaved like parental cells [57]. Still, the 
impact of KAI1-WT on tumor growth is conflicting in 
different cancer cell types, because KAI1-WT did not 
affect lung and prostate cancer cell proliferation [21, 
51]. These differences might be due to the specific cell 
growth patterns, repertoire of growth factor (receptors) 
and signaling molecules of distinct cancer cell types.

Both breast cancer cell lines studied here - while 
being triple-negative - do express the EGF-R which is also 
well known to crucially contribute to cell proliferation in 
concert with integrins. In fact, integrins induce changes 
in the expression and activity of growth factor receptors 
and, vice versa. Moreover, they interconnect in shared 

signaling pathways, leading to efficient and synergistic 
signaling even in the absence of their respective ligands. 
Dysregulated integrin and EGF-R expression and activity 
thus profoundly affect cancer progression and metastases 
[58, 59]. Therefore, we were interested if altered cell 
proliferation by KAI1 proteins is reflected by changes 
in EGF-R expression. Indeed, we found that KAI1-SP 
led to a marked EGF-R upregulation, whereas KAI1-
WT had no effect. KAI1-SP-induced EGF-R expression 
corresponded well with additional increases in cell growth 
upon the exogenous addition of EGF. These changes in 
EGF-R protein could be backtraced to the transcriptional 
level by proving increased EGF-R promoter activity 
in MDA-MB-231 KAI1-SP transfectants. The finding 
that KAI1-WT, but not KAI1-SP, reduced cell surface-
expressed EGF-R further underlines the role of KAI1-
WT as a trafficking molecule organizing membrane 
protein internalization and distribution. In fact, others 
have reported that KAI1-WT is involved in EGF-R 
internalization [30] and that it affects ubiquitylation 
of EGF-R leading to its proteasomal degradation [60]. 
This functional dependency of KAI1 and EGF-R is here 
even more interesting in light of the functional crosstalk 
between EGF-R and certain integrins [59, 61] and the 
dependence of integrin-mediated EGF-R activation on Src 
kinase activation [62].

In summary, on the protein and mRNA level, KAI1-
WT and KAI1-SP were recognized as valuable biomarkers 
in tumor tissues for the metastatic/invasive potential of 
cancer cells, serving to predict cancer patient prognosis. 
Based on accumulated evidence from clinical and basic 
research, the exploration of novel cancer therapies related 
to KAI1 had been inspired in recent years. So far, several 
approaches in (pre-)clinical trials aimed at reintroducing 
KAI1´s tumor suppressive functions in tumor cells by 
direct administration of KAI1 protein or, alternatively, via 
its adenoviral restoration [63].

The data of the present study together with those of 
our previous investigations in human ovarian cancer cells, 
strongly support the notion that KAI1-SP does not only 
counteract the tumor suppressive function of KAI1-WT, but 
- beyond this - drastically promotes tumor cell biological 
activities in favor of tumor progression. Thus, in order to 
design successful KAI1-based therapeutic approaches, it 
will be indispensable to unravel the mechanistic events 
underlying the tumor biological functions of KAI1-WT 
and KAI1-SP and its differential functional crosstalk with 
integrins, growth factor receptors, and signaling pathways.

MATERIALS AND METHODS

Materials

Dulbecco's modified eagle medium (DMEM), fetal 
calf serum (FCS), Lipofectin®, the plasmid pcDNA3.1/
Hygro, geneticin, hygromycin, Alexa-488- and Alexa 
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568-labeled goat-anti-mouse, goat-anti-rabbit IgG, the 
Cloned AMV First-Strand cDNA Synthesis Kit, and the 
assay for the house keeper ALAS (assay ID: Hs00167441_
m1) were from Thermo Fisher Scientific, Carlsbad, CA, 
USA. RNA was isolated by using the kit RNeasy by 
Qiagen (Hilden, Germany). Vitronectin (VN), monoclonal 
antibodies (mAb) raised against the EGF-R, mAb directed 
to FAK or p-FAK, the dual luciferase reporter gene assay 
kit, and the renilla luciferase reporter gene vector pRL-
SV40 plasmid were obtained from Beckton-Dickinson 
Biosciences, Franklin Lakes, NJ, USA. Fibronectin was 
from Collaborative Research, Bedford, MA, USA. Para-
nitrophenyl-N-acetyl-β-D-glucosaminide, collagen type I 
and IV were from Sigma-Aldrich, St. Louis, MO, USA. 
The mAb directed to integrin αvß3 (clone # 23C6) and 
the polyclonal Ab (pAb) directed to the integrin subunit 
αv (clone #AB1930) were purchased from Millipore, 
Schwalbach, Germany. The mAb directed to KAI1 (clone 
# TS82b) was from Diaclone, Stamford, CT, USA. The 
mAb to EGF-R were ordered from Stressgen, Victoria, 
Canada. The antibodies directed to Src and p-Src were 
purchased from Cell Signaling Technology. Microchamber 
cell culture slides were obtained from Nunc Lab-Tek, 
Naperville, IL, USA. Cell culture inserts with two 
chambers for wound scratch assays were bought from 
ibidi GmbH, Planegg, Germany. The EGF-R promoter 
luciferase reporter gene plasmid was a kind gift by Prof. 
Dr. Ester Gonzalez, Saint Louis University, Division 
of Nephrology, St. Louis, USA. Materials for TaqMan 
Realtime PCR Analysis were obtained from Applied 
Biosystems, Darmstadt, Germany.

Cloning of KAI1-WT and KAI1-SP cDNA and 
stable cell transfections

Preparation of expression vectors for KAI1-WT or 
KAI1-SP were generated as described earlier [28, 29]. 
Stable transfections of human MDA-MB-231 or -435 
breast cancer cells were conducted upon hygromycin 
selection [28, 29]. In order to compare cell experimental 
data for cells with equal amounts of the respective 
KAI1 protein variant, we isolated a series of individual 
cell transfectants of each category by limited dilution 
and proved in initial tests their similar behavior in cell 
biological test systems. Depicted are representative clones 
from the respective transfections.

Isolation of RNA from human breast cancer 
tissue and KAI1-transfected breast cancer cell 
lines and reverse transcription

RNA was isolated by using the RNeasy-kit 
according of the manufacturers´ protocols. RNA (1 μg) 
was reversely transcribed into cDNA by applying the 
Cloned AMV First-Strand cDNA Synthesis-kit according 
to the manufacturers´ recommendations.

Determination of KAI1-WT and KAI1-SP 
mRNA levels in transfected breast cancer cells

For the detection of elevated gene expression 
after stable KAI1-WT or KAI1-SP cell transfection, we 
performed PCR by using the following primer pairs: KAI1-
WT-forward: 5’-CTGGGCATCATCCTC GG-3’; KAI1-
SP-forward: 5’-GCCTGTGTACCAGGAGCT CC-3’; 
 KAI1-WT/KAI1-SP reverse: 5’-GCAGGGAGATGGGG 
ATAGC-3’, and the probe FAM-CCTTGCTGTAGTC 
TTCGGAATGGACGT-BBQ. Amplification of cDNA and 
part of intron 10 was carried out in 20 μl reaction mixtures 
containing 20 mM Tris/HCl, pH 8.4, 50 mM KCl, 1.5 mM 
MgCl2, 0.4 μM of each primer, 0.2 mM dNTPs and 
0.02 units of Taq polymerase. After initial denaturation for 
5 min at 95°C, amplification was carried out as follows: 
2 min at 50°C, 10 min at 95°C, 40 cycles for each 15 sec 
at 95°C and 1 min at 60°C for annealing and extension. 
As housekeeper gene, ALAS was determined by using the 
assay by Thermo Fisher Scientific (ID: Hs00167441_m1) 
according to the manufacturers` protocol. The qPCR 
analysis was performed by using the Taqman ABI PRISM 
7000 system (Applied Biosystems, Darmstadt, Germany).

Detection of KAI1-WT and KAI1-SP mRNA in 
human breast cancer tissues by PCR

Nested primer pairs generating 255 bp and 171 bp 
fragments were used to detect endogenous KAI1-WT 
and KAI1-SP mRNA expression, respectively, in breast 
cancer tissues as previously described [29]. As control, 
PCR products were generated from MCF10A cells which 
represent a human mammary epithelial cell line widely 
used for studying normal breast cell behaviour.

Cell culture

Human breast cancer cell lines were obtained from 
ATCC (Manassas, USA) and cultivated according to the 
providers´ recommendations: MDA-MB-231 cells are 
derived from the metastatic site of a triple-negative breast 
adenocarcinoma; MDA-MB-453 cells are basal B-like 
breast cancer cells. Authenticity of both cell lines was 
proven by short tandem repeat (STR)-analysis according 
to published recommendations [64].

Detection of cellular KAI1 protein expression

Immunocytochemical staining

Human breast cancer cell transfectants expressing 
either KAI1-WT or KAI1-SP were grown on 
microchamber cell culture slides and stained as described 
[28, 29]. The statistical quantification of the fluorescence 
intensity for each of the CLSM images was performed 
using the histogram analysis function of the imaging 
software ZEN by Zeiss. Six independent ROIs were placed 
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on the CLSM images, excluding areas without cells or 
areas of saturation. Intensity histograms were measured for 
each of the 6 ROIs, with a gamma curve set to 1.0 (linear), 
a background intensity threshold of 800, a maximum 
intensity of 65536 (16 bit), and a binning size of 64. The 
intensity per pixel of each ROI was normalized to the 
size of the ROI by dividing the integral of the frequency-
intensity histogram by the area of the ROI. Finally, the 
average and standard deviation of the intensity per pixel 
for the CLSM image was calculated from the six ROIs.
Western blot analysis

KAI1 expression was measured by Western blot 
analysis as described earlier [28].

Detection of integrin αvß3

Integrin αvß3 expression was detected by 
immunocytochemical staining and FACS analysis as 
described [45, 59].

Cell adhesion assay

Breast cancer cell adhesion as a function of KAI1-
WT/KAI1-SP was assessed as previously described [28, 29].

Cell proliferation assays

Proliferative activity of KAI1-transfected breast 
cancer cells was determined by cell counting using a 
Neubauer hemocytometer [28, 29].

Determination of cell migratory activity by 
wound scratch assays via cell motion imaging, 
analysis, and quantification

For wound scratch cell migration assays, cells 
were cultivated on VN-, FN-, or uncoated cell culture 
dishes until cell monolayers reached an appr. 90% 
cell confluency, followed by the setting of a wound 
scratch using chamber inserts. Phase contrast optical 
microscopy images were taken using the Cell Motion 
Imaging System SI8000 (Sony Corporation), equipped 
with video/image-based analysis software capable of 
motion vector determination for motion analysis and data 
quantification as well as visualization functions. Herewith, 
cell movement parameters, such as velocity, acceleration, 
and frequency, may be quantified over time periods 
from hundredths of seconds to tens of days [65, 66], by 
allowing cell observations upon placement of cell culture 
dishes into the cell incubation chamber of the microscope 
to maintain routinely used cell culture conditions. The use 
of a block-matching algorithm allows detection of cell 
movements at the submicron level with high temporal and 
spatial resolution [67, 68]. For the motion detection in the 
present study, typically a frame integral of 1, lower- and 

upper-contrast thresholds of 9 and 255, and a mesh size 
of 1 were used. For normalization of cell motion analysis 
by motion area, a time filter size of one frame was used. 
Besides assessing the cell motion across the whole frame, 
also the motion within multiple ROIs may be determined.

The magnitudes of the velocity for all individual 
migrating cells were calculated in the corresponding images 
during the wound gap closure process (see Supplementary 
Materials for more information). The different velocities were 
visualized in a blue-green-red color mapped image overlay 
of the analyzed image, indicating the highest magnitude of 
velocities in red (in this case 20 μm/h) and the lowest in 
blue. As visualisation of these analyses, typical examples 
for images at 1 h and 11 h after wounding cell monolayers 
are shown in Figure 4A and 4B. Further, the average motion 
amplitude was calculated from the average of the magnitudes 
of velocity for all cells in the corresponding images. 
Coverage of area by cells or the motion area coverage (the 
area in which motion was detected in % of the full-frame 
image area; see Supplementary Figure 1 for visualization of 
the calculation) was analysed over time for all combinations 
of adhesion substrates and cell transfectants. From the 
gradients of linear fits of this data, the wound gap closure 
rates were determined. In order to assure comparability of 
behavior between all cell transfectants, for the differential 
motion analysis done to quantify the cell motilities, we chose 
an interval of linear motion area coverage growth during the 
wound scratch assays, starting at 2.5 h after wounding and 
finishing at 10 h after wounding. These values for motion 
area change and average motion amplitude were used as 
quantitative measure of cell motile activity during the full 
process of wound gap closure. Further comparability of data 
was ensured by evaluating the wound gap closure rates for 
ten ROIs (ROI1 to ROI10) positioned within the wound 
scratch only, as well as the woud gap closure rate for the 
entire image (full-frame area, ROI0) as described above, and 
the closure rates were found to be similar. Therefore, for the 
results presented in this work, the full-frames of 2752×2200 
pixels were selected for the detection and analysis of motion. 
An example for reasonable usage of multiple ROI of 
320×128 pixels is shown in the Supplementary Figure 1A 
and 1B. The statistical evaluation of the average and standard 
deviation of the average of cell motion and change in motion 
area was determined by placing 10 independent ROIs (each 
of 2624x410 pixels) across the wound gap. The change in 
motion area versus time for each ROI was measured to give a 
wound gap closure rate for each ROI. The average deviation 
and standard deviation of the wound gap closure rate were 
then calculated from the closure rates of the ten ROIs.

Detection of EGF-R expression in human breast 
cancer cells as a function of KAI1-WT/KAI1-SP

EGF-R expression was measured by 
immunocytochemical staining and Western blot analysis 
as previously described [59].
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Transient transfections and dual luciferase 
reporter gene assay

Transient cell transfections and dual luciferase 
reporter gene assays were conducted in order to monitor 
EGF-R promoter activity as reported earlier by us [59].

Measurement of FAK expression and activation

FAK or its activated/phosphorylated form (p-FAK) 
were determined by immunocytochemical staining and 
Western blot analysis as previously published [45, 69].

Detection of Src/p-Src kinase

Preparation of cell lysates, electrophoresis, and 
Western blot analysis were conducted as described earlier 
[59]. After blocking of blot membranes, Ab directed to 
Src or p-Src were diluted in Tris-buffered saline (TBS), 
pH 7.5, 0.1% (v/v) Tween-20, and 3% (w/v) BSA and 
incubated at 4°C overnight, followed by their detection 
using a horseradish peroxidase-conjugated goat-anti-rabbit 
IgG. Reactive proteins were visualized by ECL according 
to the manufacturer’s recommendations.

Statistical analysis

Significance of differences and p-values were 
calculated by employing the non-parametric Mann-
Whitney-U test. A p-value ≤ 0.05 was considered to be 
statistically significant.

The averaging of values from ROIs (for CLSM 
images or cell motion data) was the arithmetic mean of 
the values; the standard deviation was found by taking the 
square root of the average of the squared deviations of the 
values from their average value, with Bessel´s correction.

ACKNOWLEDGMENTS

We are very thankful to Sarah Konrad for her 
technical assistance during qPCR analyses.

CONFLICTS OF INTEREST

None of the other authors has declared any conflicts 
of interest.

GRANT SUPPORT

This work was supported in part by grants from the 
Deutsche Forschungsgemeinschaft (DO 1772/1-1) and the 
Wilhelm Sander-Foundation (2016.024.1).

REFERENCES

1. Zöller M. Tetraspanins: push and pull in suppressing and 
promoting metastasis. Nat Rev Cancer. 2009; 9:40–55.

2. Sugiura T, Berditchevski F. Function of ɑ3ß1-tetraspanin 
protein complexes in tumor cell invasion. Evidence 
for the role of the complexes in production of matrix 
metalloproteinase 2 (MMP-2). J Cell Biol. 1996; 
146:1375–1389.

3. Berditchevski F, Odintsova E. Characterization of integrin/
tetraspanin adhesion complexes: role of tetraspanins in 
integrin signaling. J Cell Biol. 1999; 146:477–492.

4. Maecker HT, Todd SC, Levy S. The tetraspanin superfamily: 
molecular facilitators. FASEB J. 1997; 11:428–442.

5. Hemler ME. Specific tetraspanin functions. J Cell Biol. 
2001; 155:1103–1107.

6. Stipp CS, Kolesnikova TV, Hemler ME. Functional 
domains in tetraspanin proteins. Trends Biochem Sci. 2003; 
28:106–112.

7. Dong JT, Lamb PW, Rinker-Schaeffer CW, Vukanovic 
J, Ichikawa T, Isaacs JT, Barrett JC. KAI1, a metastasis 
suppressor gene for prostate cancer on human chromosome 
11p11.2. Science. 1995; 268:846–884.

8. Ichikawa Y, Ichikawa J, Dong AL, Hawkins CA, Griffin WB, 
Oshimura M, Barrett JC, Isaacs JT. Localization of metastasis 
suppressor gene(s) for prostatic cancer to the short arm of 
human chromosome 11. Cancer Res. 1992; 52:3486–3490.

9. Adachi M, Taki T, Leki Y, Huang CL, Higashiyama M, 
Miyake M. Correlation of KAI1 gene expression with 
good prognosis in patients with non-small cell lung cancer. 
Cancer Res. 1996; 56:1751–1755.

10. Guo A, Freiss H, Graber HU, Kashiwagi M, Zimmermann 
A, Korc M, Buchler MW. KAI1 expression is up-regulated 
in early pancreatic cancer and decreased in the presence of 
metastases. Cancer Res. 1996; 56:4876–4880.

11. Maurer CA, Graber HU, Friess H, Beyermann B, Willi 
D, Netzer P, Zimmermann A, Büchler MW. Reduced 
expression of the metastasis suppressor gene KAI1 in 
advanced colon cancer and its metastases. Surgery. 1999; 
126:869–880.

12. Liu FS, Chen JT, Dong JT, Hsieh YT, Lin AJ, Ho ES, Hung 
MJ, Lu CH. KAI1 metastasis suppressor gene is frequently 
down-regulated in cervical carcinoma. Am J Pathol. 2001; 
159:1629–1634.

13. Liu FS, Dong JT, Chen JT, Hsieh YT, Ho ES, Hung MJ, 
Lu CH, Chiou LC. KAI1 metastasis suppressor protein 
is down-regulated during the progression of human 
endometrial cancer. Clin Cancer Res. 2003; 9:1393–1398.

14. Jackson P, Kingsley EA, Russell PJ. Inverse correlation 
between KAI1 mRNA levels and invasive behavior in 
bladder cancer cell lines. Cancer Lett. 2000; 156:9–17.

15. Houle CD, Ding XY, Foley JF, Afshari CA, Barrett JC, 
Davis BJ. Loss of expression and altered localization of 
KAI1 and CD9 protein are associated with epithelial ovarian 
cancer progression. Gynecol Oncol. 2002; 86:69–78.

16. Wu DH, Liu L, Chen LH, Ding YQ. KAI1 gene expression 
in colonic carcinoma and its clinical significances. World J 
Gastroenterol. 2004; 10:2245–2249.



Oncotarget6389www.impactjournals.com/oncotarget

17. Yang X, Wei L, Tang C, Slack R, Montgomery E, 
Lippman M. KAI1 protein is down-regulated during the 
progression of human breast cancer. Clin Cancer Res. 2000; 
6:3424–3429.

18. Malik FA, Sanders AJ, Jones AD, Mansel RE, Jiang WG. 
Transcriptional and translational modulation of KAI1 
expression in ductal carcinoma of the breast and the 
prognostic significance. Int J Mol Med. 2009; 23:273–278.

19. Takaoka A, Hinoda Y, Sato S, Itoh F, Adachi M, Hareyama 
M, Imai K. Reduced invasive and metastatic potentials of 
KAI1-transfected melanoma cells. Jpn J Cancer Res. 1998; 
89:397–404.

20. Yang X, Wei LL, Tang C, Slack R, Mueller S, Lippman ME. 
Overexpression of KAI1 suppresses in vitro invasiveness 
and in vivo metastasis in breast cancer cells. Cancer Res. 
2001; 61:5284–5288.

21. Shinohara T, Nishimura N, Hanibuchi M, Nokihara H, Miki 
T, Hamada H, Sone S. Transduction of KAI1/CD82 cDNA 
promotes hematogenous spread of human lung cancer cells 
in natural killer cell-depleted SCID mice. Int J Cancer. 
2001; 94:16–23.

22. Zhang XA, He B, Zhou B, Liu L. Requirement of the 
p130CAS-Crk coupling for metastasis suppressor KAI1/
CD82-mediated inhibition of cell migration. J Biol Chem. 
2003; 278:27319–27328.

23. Zhang XA, Lane WS, Charrin S, Rubinstein E, Liu L. 
EWI2/PGRL associates with the metastasis suppressor 
KAI1/CD82 and inhibits the migration of prostate cancer 
cells. Cancer Res. 2003; 63:2665–2674.

24. Sridhar SC, Miranti CK. Tetraspanin KAI1/CD82 
suppresses invasion by inhibiting integrin-dependent 
crosstalk with c-Met receptor and Src kinases. Oncogene. 
2006; 25:2367–2378.

25. Berditchevski F, Odintsova E. Tetraspanins as regulators of 
protein trafficking. Traffic. 2007; 8:89–96.

26. Hemler ME, Mannion BA, Berditchevski F. Association 
of TM4SF proteins with integrins: relevance to cancer. 
Biochim Biophys Acta. 1996; 1287:67–71.

27. Bienstock RJ, Barrett JC. KAI1, a prostate metastasis 
suppressor: prediction of solvated structure and interactions 
with binding partners; integrins, cadherins, and cell-surface 
receptor proteins. Mol Carcinog. 2001; 32:139–153.

28. Ruseva Z, Geiger PX, Hutzler P, Kotzsch M, Luber 
B, Schmitt M, Gross E, Reuning U. Tumor suppressor 
KAI1 affects integrin αvß3-mediated ovarian cancer cell 
adhesion, motility, and proliferation. Exp Cell Res. 2009; 
315:1759–1771.

29. Upheber S, Karle A, Miller J, Schlaugk S, Gross E, Reuning 
U. Alternative splicing of KAI1 abrogates its tumor-
suppressive effects on integrin αvβ3-mediated ovarian 
cancer biology. Cell Signal. 2015; 27:652–662.

30. Odintsova E, Sugiura T, Berditchevski F. Attenuation of 
EGF receptor signaling by a metastasis suppressor, the 
tetraspanin CD82/KAI1. Curr Biol. 2000; 10:1009–1012.

31. Odintsova E, van Niel G, Conjeaud H, Raposo G, Iwamoto 
R, Mekada E, Berditchevski F. Metastasis suppressor 
tetraspanin CD82/KAI1 regulates ubiquitylation of 
epidermal growth factor receptor. J Biol Chem. 2013; 
288:26323–26334.

32. Danglot L, Chaineau M, Dahan M, Gendron MC, Boggetto 
N, Perez F, Galli T. Role of TI-VAMP and CD82 in EGFR 
cell-surface dynamics and signaling. J Cell Sci. 2010; 
123:723–735.

33. Miranti CK. Controlling cell surface dynamics and 
signaling: how CD82/KAI1 suppresses metastasis. Cell 
Signal. 2009; 21:196–211.

34. Lee JH, Seo YW, Park SR, Kim KY, Kim K. Expression 
of a splice variant of KAI1, a tumor metastasis suppressor 
gene, influences tumor invasion and progression. Cancer 
Res. 2003; 63:7247–7255.

35. Aumailley M, Gurrath M, Müller G, Calvete J, Timpl 
R, Kessler H. Arg-Gly-Asp constrained within cyclic 
pentapeptides. Strong and selective inhibitors of cell 
adhesion to vitronectin and laminin fragment P1. FEBS 
Lett. 1991; 291:50–54.

36. Gurrath M, Müller G, Kessler H, Aumailley M, Timpl 
R. Conformation/activity studies of rationally designed 
potent anti-adhesive RGD peptides. Eur J Biochem. 1992; 
210:911–921.

37. Cabodi S, Moro L, Bergatto E, Boeri Erba E, Di Stefano 
P, Turco E, Tarone G, Defilippi P. Integrin regulation 
of epidermal growth factor (EGF) receptor and of 
EGF-dependent responses. Biochem Soc Trans. 2004; 
32:438–442.

38. Liu X, Guo X, Li H, Chen J, Qi X. Src/STAT3 signaling 
pathways are involved in KAI1-induced downregulation of 
VEGF-C expression in pancreatic cancer. Mol Med Rep. 
2016; 13:4774–4778.

39. Ichikawa T, Ichikawa Y, Isaacs JT. Genetic factors and 
suppression of metastatic ability of prostatic cancer. Cancer 
Res. 1991; 51:3788–3792.

40. Tonoli H, Barrett JC. CD82 metastasis suppressor gene: 
a potential target for new therapeutics? Trends Mol Med. 
2005; 11:563–570.

41. Berditchevski F. Complexes of tetraspanins with integrins: 
more than meets the eye. J Cell Sci. 2001; 114:4143–4151.

42. Zhou B, Liu L, Reddivari M, Zhang XA. The palmitoylation 
of metastasis suppressor KAI1/CD82 is important for its 
motility- and invasiveness-inhibitory activity. Cancer Res. 
2004; 64:7455–7463.

43. He B, Liu L, Cook GA, Grgurevich S, Jennings LK, Zhang 
XA. Tetraspanin CD82 attenuates cellular morphogenesis 
through down-regulating integrin ɑ6-mediated cell 
adhesion. J Biol Chem. 2005; 280:3346–3354.

44. Bari R, Zhang YH, Zhang F, Wang NX, Stipp CS, Zheng 
JJ, Zhang XA. Transmembrane interactions are needed for 
KAI1/CD82-mediated suppression of cancer invasion and 
metastasis. Am J Pathol. 2009; 174:647–660.



Oncotarget6390www.impactjournals.com/oncotarget

45. Müller MA, Opfer J, Brunie L, Volkhardt LA, Sinner EK, 
Boettiger D, Bochen A, Kessler H, Gottschalk KE, Reuning 
U. The glycophorin A transmembrane sequence within 
integrin αvß3 creates a non-signaling integrin with low 
basal affinity that is strongly adhesive under force. J Mol 
Biol. 2013; 425:2988–3006.

46. Malik FA, Sanders AJ, Kayani MA, Jiang WG. Effect 
of expressional alteration of KAI1 on breast cancer 
cell growth, adhesion, migration and invasion. Cancer 
Genomics Proteomics. 2009; 6:205–213.

47. Jee BK, Park KM, Surendran S, Lee WK, Han CW, Kim 
YS, Lim Y. KAI1/CD82 suppresses tumor invasion by 
MMP9 inactivation via TIMP1 up-regulation in the H1299 
human lung carcinoma cell line. Biochem Biophys Res 
Commun. 2006; 342:655–661.

48. Lee JH, Park SR, Chay KO, Seo YW, Kook H, Ahn KY, 
Kim YJ, Kim KK. KAI1 COOH-terminal interacting 
tetraspanin (KITENIN), a member of the tetraspanin 
family, interacts with KAI1, a tumor metastasis suppressor, 
and enhances metastasis of cancer. Cancer Res. 2004; 
64:4235–4243.

49. Mitra SK, Schlaepfer DD. Integrin-regulated FAK-Src 
signaling in normal and cancer cells. Curr Opin Cell Biol. 
2006; 18:516–523.

50. Galliher AJ, Schiemann WP. β3 integrin and Src facilitate 
transforming growth factor-β mediated induction of 
epithelial-mesenchymal transition in mammary epithelial 
cells. Breast Cancer Res. 2006; 8:R42.

51. Lee J, Byun HJ, Lee MS, Jin YJ, Jeoung D, Kim YM, 
Lee H. The metastasis suppressor CD82/KAI1 inhibits 
fibronectin adhesion-induced epithelial-to-mesenchymal 
transition in prostate cancer cells by repressing the 
associated integrin signaling. Oncotarget. 2017; 8:1641–
1654. https://doi.org/10.18632/oncotarget.13767. 

52. Park JJ, Jin YB, Lee YJ, Lee JS, Lee YS, Ko YG, Lee M. 
KAI1 suppresses HIF-1α and VEGF expression by blocking 
CDCP1-enhanced Src activation in prostate cancer. BMC 
Cancer. 2012; 12:81.

53. Felding-Haberman B. Integrin adhesion receptors in tumor 
metastasis. Clin Exp Metast. 2003; 20:203–213.

54. Guo XZ, Xu JH, Liu MP, Kleeff J, Ho CK, Ren LN, Li 
HY, Köninger J, Cui ZM, Wang D, Wu CY, Zhao JJ, Friess 
H. KAI1 inhibits anchorage-dependent and -independent 
pancreatic cancer cell growth. Oncol Rep. 2005; 14:59–63.

55. Lu D, Wang WX, Xu YQ, Jiang QY, Yang Y. [Inhibitory effect 
of KAI1 gene on breast cancer cell growth in vitro].[Article in 
Chinese]. Zhonghua Zhong Liu Za Zhi. 2007; 29:580–583.

56. Xu JH, Guo XZ, Ren LN, Shao LC, Liu MP. KAI1 is a 
potential target for anti-metastasis in pancreatic cancer 
cells. World J Gastroenterol. 2008; 14:1126–1132.

57. Yang JM, Peng ZH, Si SH, Liu WW, Luo YH, Ye ZY. KAI1 
gene suppresses invasion and metastasis of hepatocellular 
carcinoma MHCC97-H cells in vitro and in animal models. 
Liver Int. 2008; 28:132–139.

58. Streuli CH, Akhtar N. Signal co-operation between integrins 
and other receptor systems. Biochem J. 2009; 418:491–506.

59. Lössner D, Abou-Ajram C, Benge A, Reuning U. Integrin 
αvß3 mediates upregulation of epidermal growth-factor 
receptor expression and activity in human ovarian cancer 
cells. Int J Biochem Cell Biol. 2008; 40:2746–2761.

60. Odintsova E, Voortman J, Gilbert E, Berditchevski F. 
Tetraspanin CD82 regulates compartmentalisation and 
ligand-induced dimerization of EGFR. J Cell Sci. 2003; 
116:4557–4566.

61. Sieg DJ, Hauck CR, Ilic D, Klingbeil CK, Schaefer E, 
Damsky CH, Schlaepfer DD. FAK integrates growth factor 
and integrin signals to promote cell migration. Nat Cell 
Biol. 2000; 2:249–256.

62. Moro L, Dolce L, Cabodi S, Bergatto E, Boeri Erba E, 
Smeriglio M, Turco E, Retta SF, Giuffrida MG, Venturino 
M, Godovac-Zimmermann J, Conti A, Schaefer E, et al. 
Integrin-induced epidermal growth factor (EGF) receptor 
activation requires c-Src and p130Cas and leads to 
phosphorylation of specific EGF receptor tyrosines. J Biol 
Chem. 2002; 277:9405–9414.

63. Takeda T, Hattori N, Tokuhara T, Nishimura Y, Yokoyama 
M, Miyake M. Adenoviral transduction of MRP-1/CD9 and 
KAI1/CD82 inhibits lymph node metastasis in orthotopic 
lung cancer model. Cancer Res. 2007; 67:1744–1749.

64. Capes-Davis A, Theodosopoulos G, Atkin I, Drexler HG, 
Kohara A, MacLeod RA, Masters JR, Nakamura Y, Reid 
YA, Reddel RR, Freshney RI. Check your cultures! A list of 
cross-contaminated or misidentified cell lines. Int J Cancer. 
2010; 127:1–8.

65. Hayakawa T, Kunihiro T, Ando T, Kobayashi S, Matsui E, 
Yada H, Kanda Y, Kurokawa J, Furukawa T. Image-based 
evaluation of contraction-relaxation kinetics of human-
induced pluripotent stem cell-derived cardiomyocytes: 
correlation and complementarity with extracellular 
electrophysiology. J Mol Cell Cardiol. 2014; 77:178–191.

66. Moriyama Y, Ito F, Takeda H, Yano T, Okabe M, Kuraku 
S, Keeley FW, Koshiba-Takeuchi K. Evolution of the fish 
heart by sub/neofunctionalization of an elastin gene. Nat 
Commun. 2016; 7:10397.

67. Hayakawa T, Kunihiro T, Dowaki S, Uno H, Matsui E, 
Uchida M, Kobayashi S, Yasuda A, Shimizu T, Okano 
T. Noninvasive evaluation of contractile behavior of 
cardiomyocyte monolayers based on motion vector analysis. 
Tissue Eng Part C Methods. 2012; 18:21–32.

68. Ghanbari M. The cross-search algorithm for motion 
estimation. IEEE Trans Commun. 1990; 38:950–953.

69. Müller MA, Brunie L, Bächer AS, Kessler H, Gottschalk 
KE, Reuning U. Cytoplasmic salt bridge formation in 
integrin αvß3 stabilizes its inactive state affecting integrin-
mediated cell biological effects. Cell Signal. 2014; 
26:2493–2503.

https://doi.org/10.18632/oncotarget.13767

