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Natural Kkiller cells inhibit breast cancer cell invasion through
downregulation of urokinase-type plasminogen activator
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Abstract. Triple-negative breast cancer (TNBC) is one of the
most aggressive types of breast cancer, and there is no effective
therapeutic target to date. Natural killer (NK) cells are func-
tionally diverse lymphocytes that recognize and kill cancer
cells. Although it is clear that NK cells exert antitumor activity
in the tumor microenvironment, their role in the aggressive
progression of TNBC has not been elucidated in detail. In
the present study, we investigated the effect of NK cells on
MDA-MB-231 TNBC cells using an indirect co-culture
system. The invasive phenotype of MDA-MB-231 cells was
significantly inhibited by co-culture with NK cells. Notably,
the expression of urokinase-type plasminogen activator (uPA)
was markedly reduced by NK cells. Cytokine array analysis
showed that the levels of interleukin (IL)-10, IL-6, IL-8, C-C
motif ligand (CCL)5, and CCL2 were increased in conditioned
media from the co-cultured cells. Among these cytokines,
IL-6 played a crucial role in the NK cell-induced uPA
downregulation and inhibition of the invasive phenotype of
MDA-MB-231 cells and Hs578T cells. We analyzed the Gene
Expression Profiling Interactive Analysis database for correla-
tions between IL-6 and uPA with the overall survival of breast
cancer patients. The Kaplan-Meier survival analysis revealed
that a low IL-6/uPA ratio was associated with the poor survival
of breast cancer patients, suggesting it as an important factor
for determining the overall survival of breast cancer patients.
Taken together, our findings demonstrate that NK cells in the
tumor microenvironment inhibit the invasiveness of TNBC
cells through the IL-6-mediated inhibition of uPA.
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Introduction

Breast cancer occurs with a high incidence in women (1,2) and
has an extremely high mortality rate as it has a high likeli-
hood of invading almost all organs, causing metastasis (3).
Triple-negative breast cancer (TNBC) is a subtype of breast
cancer characterized by the lack of estrogen receptor, proges-
terone receptor, and human epidermal growth factor receptor 2
expression (4). TNBC cells are highly invasive, spreading to
lymph nodes, which often leads to early relapse with distant
metastasis (5).

The tumor microenvironment is a complex cellular system
that creates an environment in which tumors can become
malignant (6,7). Natural killer (NK) cells within the tumor
microenvironment have been shown to play an important
role in innate immune defense by eliminating tumor cells
or in different contexts, pathogen-infected cells, through
the production of various cytokines (8-10). Accumulating
evidence suggests a role for NK cells in the regulation of
cancer metastasis through microenvironmental and systemic
processes such as immunosurveillance (11). The function of
NK cells depends on the activation or inhibition of receptors
on the cell surface, which determines the release of cytotoxic
granules and pro-inflammatory cytokines (12,13). Recently, it
was shown that NK cells inhibited the migration and invasion
of ovarian carcinoma cells (14). The molecular mechanism for
the inhibitory effect of NK cells on the invasive phenotype of
cancer cells, however, has not been elucidated.

The metastatic spread of tumor cells to distant locations
requires invasion and migration, in which matrix-degrading
activity is involved (15). Matrix metalloproteinases (MMPs)
degrade components of the extracellular matrix (ECM),
contributing to cancer cell invasion and metastases (16,17).
Our laboratory demonstrated a role for MMP-2 and MMP-9 in
the regulation of the invasive phenotype of TNBC cells (18,19).
In addition to MMPs, plasmin can degrade ECM components,
either directly or indirectly through MMP (20,21). The acti-
vated uPA protease cleaves inactive plasminogen to form
enzymatically active plasmin, which in turn cleaves proMMP
to active MMP (22,23). Accordingly, urokinase-type plasmin-
ogen activator (uPA) is involved in multiple physiological and
pathologic processes including cell invasion, wound healing,
tumor growth, and metastasis (24-27).

In the present study, we examined the effect of NK-92 cells
on the invasive phenotype of TNBC cells using an indirect
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co-culture system of NK-92 cells and human TNBC cells.
Here we demonstrated an inhibitory effect of NK-92 cells on
the invasiveness of TNBC cells. We further showed that uPA
downregulation was crucial for the NK-induced inhibition of
the invasive phenotype of TNBC cells.

Materials and methods

Cell culture and reagents. MDA-MB-231 cells were purchased
from the Korean Cell Line Bank (KCLB, Seoul, Korea).
Human breast carcinoma MDA-MB-231 cells were cultured
in RPMI-1640 media (cat. no. 10-041-CVR; Corning Life
Sciences) supplemented with 10% fetal bovine serum (FBS)
and 1% penicillin-streptomycin. Hs578T cells were purchased
from KCLB. Human breast carcinoma Hs578T cells were
cultured in DMEM media (cat. no. SH30243.01; HyClone;
Thermo Fisher Scientific, Inc.) supplemented with 10% FBS
and 1% penicillin-streptomycin. MCF-7 cells were purchased
from the KCLB. Human breast carcinoma MCF-7 cells were
cultured in EMEM media [cat. no. 30-2003; American Type
Culture Collection (ATCC)] supplemented with 10% FBS, 1%
penicillin-streptomycin, and 0.01 mg/ml insulin. Natural killer
cell line NK-92 cells were obtained from ATCC. NK-92 cells
were cultured in a-MEM (cat. no. 32561-037; Gibco; Thermo
Fisher Scientific, Inc.) supplemented with 20% FBS, 1% peni-
cillin-streptomycin, 0.1 mM 2-mercaptoethanol, and rhIL-2
(200 U/ml). All cells were incubated at 37°C in a humidified
atmosphere with 5% CO,.

Indirect co-culture assay. For the indirect co-culture
experiments, Transwell inserts were used with a pore size
of 0.4-um that can deliver soluble factors but do not allow
cell passage. MDA-MB-231 or Hs578T cells were seeded at
5x10° cells/6-well plate and 1x10° NK-92 cells were seeded
onto the Transwell insert and the plates were incubated for
48 h.

Immunoblot analysis. Whole-cell lysates were prepared
using sodium dodecyl sulfate (SDS) lysis buffer. Immunoblot
analysis was performed as previously described (28). Primary
antibodies to c-Jun (cat. no. sc-74543; dilution 1:1,000), c-Fos
(cat. no. sc-52; dilution 1:1,000), p65 NF-xB (cat. no. sc-372;
dilution 1:1,000), phospho-p65 NF-kB (cat. no. sc-33020;
dilution 1:1,000), interleukin (IL)-6 (cat. no. sc-28343; dilution
1:1,000), C-C motif ligand 2 (CCL2) (cat. no. sc-1304;
dilution 1:1,000), uPAR (cat. no. sc-13522; dilution 1:1,000)
and mouse anti-goat IgG-HRP (cat. no. sc-2354; dilution
1:3,000) were purchased from Santa Cruz Biotechnology,
Inc. Anti-ATF-2 (cat. no. 9226; dilution 1:1,000) and
anti-phospho-ATF-2 (cat. no. 9221; dilution 1:1,000) were
purchased from Cell Signaling Technology, Inc. Anti-IL-8
(cat. no. ab18672; dilution 1:1,000) was purchased from
Abcam, Inc. Anti-uPA (cat. no. MAB1310; dilution 1:1,000)
was purchased from R&D Systems. HRP-conjugated
goat anti-mouse (cat. no. 62-6520; dilution 1:3,000) and
HRP-conjugated goat anti-rabbit (cat. no. 65-6120; dilution
1:3,000) were purchased from Invitrogen; Thermo Fisher
Scientific, Inc. The secondary antibody was attached to fit
the primary antibody's origin. The Western Bright ECL kit
(Advansta Inc.) was used for band detection. The relative band
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intensities were determined by quantification of each band
using the FluorChem™ E (ProteinSimple, Inc.).

Reverse transcriptase (RT)-PCR assay. RNA was extracted
from cells using Trizol reagent (Invitrogen; Thermo
Fisher Scientific, Inc.) and reverse-transcribed with RT
Superscript-11I reverse transcriptase (Invitrogen; Thermo
Fisher Scientific, Inc.). The primers for uPA (704 bp) were:
5'-AAAATGCTGTGTGCTGCTGACC-3' (forward) and
5'-CCCTGCCCTGAAGTCGTTAGTG-3' (reverse). The
primers for IL-10 (500 bp) were: 5'-CTGTGAAAACAAGAG
CAAGGC-3' (forward) and 5'-GAAGCTTCTGTTGGCTCC
C-3' (reverse). The primers for CCLS5 (186 bp) were: 5'-GAG
TATTTCTACACCAGTGGCAAG-3' (forward) and 5-TCC
CGAACCCATTTCTTCTCT-3' (reverse). The primers for
IL-6 (148 bp) were: 5'-ACTCACCTCTTCAGAACGAAT
TG3' (forward) and 5-CCATCTTTGGAAGGTTCAGGT
TG-3' (reverse). The primers for IL-8 (253 bp) were: 5'-GTG
GCTCTCTTGGCAGCCTTCCTGAT-3" (forward) and
5'-TCTCCACAACCCTCTGCACCCAGTTT-3' (reverse).
The primers for CCL2 (143 bp) were: 5'-GATGCAATCAAT
GCCCCAGTC-3' (forward) and 5'-TCCTTGGCCACAATG
GTCTTG-3' (reverse). The primers for 3-actin (171 bp) were:
5'-ACTCTTCCAGCCTTCCTTC-3' (forward) and 5'-ATC
TCCTTCTGCATCCTGTC-3' (reverse). The same amount of
each amplified PCR product was loaded onto 1-2% agarose
gels. Detection was confirmed by Gel Doc™ XR+ System
(Bio-Rad Laboratories, Inc.).

In vitro invasion assay. An in vitro invasion assay was
performed as described previously (19). For indirect co-culture
assay, MDA-MB-231 cells (2x10* cells/well) or Hs-578T cells
(3x10* cells/well) were seeded onto the upper compartment of
a 24-well Transwell plate. The cells were cultured with NK-92
cell-conditioned media (CM) and incubated 48 h. Media
conditioned by NK-92 cells were collected at 48 h. The CM
was filtered through 0.22-ym pore-size filters and stored at
-70°C.

Human cytokine antibody array. The human cytokine anti-
body array kit was purchased from RayBiotech. The cells
were cultured in serum-free media for 24 h. Supernatants were
collected and centrifuged at 10,000 x g for 10 min to remove
cell debris. The human cytokine array membranes were
blocked with blocking buffer for 30 min at room temperature.
CM was incubated with the array membranes for 1.5 h. After
washing, the membranes were incubated with primary anti-
body for 1.5 h, followed by additional washes, and incubated
with a secondary antibody. The membrane-bound proteins
were detected using ECL detection reagents (Advansta Inc.).
The relative band intensities were quantitated with an Image
Analyzer (ProteinSimple).

Casein-plasminogen zymogram assay. The samples was
electrophoresed on 10% SDS-PAGE containing 5% casein
and plasminogen (20 units). After electrophoresis, the gel
was washed three times for 30 min with 2.5% Triton X-100
solution to remove the SDS and restore the protein. A solution
containing 50 mM Tris-HCI buffer (pH 7.6), 5 mM CacCl,,
0.02% Brij-35 and 0.2% sodium azide was added and expressed
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Figure 1. Co-culture with NK-92 cells inhibits the invasive phenotype of MDA-MB-231 cells through uPA downregulation. (A) An in vitro invasion assay was
conducted on MDA-MB-231 cells and MDA-MB-231 cells treated with the conditioned media (CM) of NK-92 cells (NK-92 CM) for 48 h (t-test, “P<0.01,
compared with MDA-MB-231 cells without NK-92 CM). (B) The mRNA levels of MMPs and uPA were detected by RT-PCR analysis in the MDA-MB-231
cells and cells co-cultured with NK-92 cells for 48 h (t-test, “P<0.01, compared with MDA-MB-231 cells cultured alone). (C and D) Immunoblot analysis
(C) and the casein-plasminogen zymogram assay (D) were performed (t-test, "P<0.05 and “P<0.01, compared with MDA-MB-231 cells cultured alone,
respectively). (E) Immunoblot analysis was performed. (F) ChIP assay was performed using c-Jun primers specific to the AP-1 binding site in the uPA gene
promoter. uPA, urokinase-type plasminogen activator; MMPs, matrix metalloproteinases; ATF-2, activating transcription factor 2; p, phosphorylated.

overnight at 37°C. After staining with 0.5% Coomassie bril-
liant blue, the band was observed while decolorizing with 10%
acetic acid.

Chromatin immunoprecipitation (ChIP). The ChIP assay
was performed using a Chromatin Immunoprecipitation
Assay kit (Upstate Biotechnology Inc.) according to the
manufacturer's instructions. The protein-DNA complexes

were immunoprecipitated with c-Jun antibodies. Primers
specific for the c-Jun binding site in the uPA promoter
region were used for DNA amplification as previously
described (19).

Ratio of IL-6/uPA and survival analysis of the TCGA/GTEx
dataset. The invasive breast carcinoma (BRCA) cancer data
sets from 1,070 patients in The GEPIA database were used
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Figure 2. Five cytokines are upregulated by co-culture with NK-92 cells.
(A) A human cytokine antibody array was conducted on the cultured medium
(CM) of mono-cultured MDA-MB-231 cells and that of MDA-MB-231 cells
co-cultured with NK-92 cells. Five cytokines with highly relative intensi-
ties are listed in the table. (B) RT-PCR analysis was performed to detect the
mRNA levels of IL-10, CCL5, IL-6, CCL2, and IL-8. IL, interleukin; CCL,
C-C motif ligand.

to explore the correlation of IL-6, uPA, and the IL-6/uPA
ratios with survival time in BRCA patients. The ratio of
IL-6/uPA in the TCGA/GTEx dataset and its association
with tumor stage and overall survival was conducted using
the GEPIA database as previously described. Kaplan-Meier
survival plots were obtained using the GEPIA online tool
(http://gepia.cancer-pku.cn).

Statistical analysis. Statistical significance was analyzed by
ANOVA using GraphPad Prism 6 (GraphPad Software, Inc.).
Multi-comparison was performed using Tukey's multiple
comparisons test. The data are shown as the mean + SD from
three independent experiments.

Results

Co-culture with NK-92 cells inhibits the invasiveness of
MDA-MB-231 cells through uPA downregulation. To inves-
tigate the effect of NK-92 cells on the invasive phenotype
of TNBC cells, MDA-MB-231 cells were treated with CM
from NK-92 cells. As shown in Fig. 1A, the invasive pheno-
type of the MDA-MB-231 cells was significantly inhibited
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by NK-92 cell CM. To identify the proteases involved in the
NK cell-induced inhibition of invasion, reverse transcription
(RT)-PCR analysis was used to detect matrix-degrading
enzymes uPA, MMP-1, MMP-2, MMP-3, MMP-8, MMP-9,
and MMP-13 in MDA-MB-231 cells co-cultured with NK-92
cells (Fig. 1B). The mRNA level of uPA was dramatically
reduced by co-culture with NK-92 cells, while none of the
MMPs were affected. The expression of active uPA (32 kDa)
was significantly reduced by co-culture with NK-92 cells
as evidenced by immunoblot analysis (Fig. 1C). The casein-
plasminogenzymogramassay showed thatthe matrix-degrading
activity of uPA was reduced by co-culture with NK-92 cells
(Fig. 1D). These results suggest that the NK-92 cells inhibited
the invasive phenotype of MDA-MB-231 cells, possibly via the
downregulation of uPA.

To identify the transcription factor(s) responsible for
NK-92-induced uPA downregulation, we detected the expres-
sion of c-Jun, c-Fos, ATF-2, and p65 NF-kB, which are known
uPA transcription factors (29). As shown in Fig. 1E, c-Jun was
reduced by co-culture with NK-92 cells, while the others were
not affected. The binding of c-Jun to the promoter region of
uPA was markedly inhibited by co-culture with NK-92 cells
as evidenced by the ChIP assay (Fig. 1F). These data implicate
the involvement of c-Jun in the transcriptional regulation of
uPA by NK-92 cells.

Secretion of cytokines CCLS5, IL-6, CCL2, and IL-8 from
NK-92 cells is increased by co-culture with MDA-MB-231
cells. We hypothesized that factor(s) secreted into the CM
of co-cultured cells might play a role in the inhibition of
invasion and downregulation of uPA in MDA-MB-231 cells.
To test this, we conducted a cytokine array and compared
the cytokines secreted from mono-cultured MDA-MB-231
cells to cells co-cultured with NK-92 cells. Human cyto-
kine antibody array analysis showed that the levels of IL-6,
IL-8, IL-10, and CCL2 and CCLS5 were increased in the
CM of co-cultured cells compared to those in the CM of
mono-cultured MDA-MB-231 cells (Fig. 2A). The cytokines
increased by co-culture with NK-92 cells are listed as a table
(Fig. 2A, bottom panel).

Next, RT-PCR analysis was conducted to determine
whether these cytokines were secreted from MDA-MB-231
cells or NK-92 cells upon co-culture. The mRNA levels of
IL-6, CCL2, and IL-8 were increased in MDA-MB-231 cells
co-cultured with NK-92 cells (Fig. 2B, left). The mRNA
levels of CCL5, IL-6, CCL2, and IL-8, but not IL-10, were
increased in NK-92 cells upon co-culture with MDA-MB-231
cells (Fig. 2B, right). The mRNA levels of tumor necrosis
factor (TNF)-a and interferon (IFN)-y were not altered by
co-culture (Fig. S1A and B). In addition, the expression levels
of IL-6, IL-8, and CCL-2 in NK-92 cells were increased by
co-culture with MDA-MB-231 cells (Fig. S1C). The secretion
of IL-6, IL-8, and CCL2 from both MDA-MB-231 and NK-92
cells was increased by co-culture.

IL-6 downregulates uPA in MDA-MB-231 cells. To examine
the cytokines involved in NK-92-induced uPA downregulation,
uPA was analyzed in MDA-MB-231 cells treated individually
with CCLS5, IL-6, CCL2, or IL-8, whose secretion from NK-92
cells was increased by co-culture. Treatment with recombinant
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Figure 3. Expression of uPA is reduced by rhIL-6 in MDA-MB-231 cells. (A) The mRNA levels of uPA in MDA-MB-231 cells treated with the indicated
concentrations of rhIL-6,thCCLS5,rhCCL2, and rhIL-8 for 48 h were detected by RT-PCR analysis. (B and C) Immunoblot analysis and the casein-plasminogen
zymogram assay were conducted to detect the protein levels (B) and activity (C) of uPA in MDA-MB-231 cells treated with various concentrations of rhIL-6
for 48 h (one-way ANOVA, “P<0.01, compared with rhIL-6 0 ng/ml, respectively). (D) The ChIP assay was performed to detect the binding of the indicated
proteins to specific regions of the uPA gene in MDA-MB-231 cells treated with 10 and 100 ng/ml rhIL-6 for 48 h. rh, recombinant human; uPA, urokinase-type

plasminogen activator; IL, interleukin; CCL, C-C motif ligand.

human (rh)IL-6 at concentrations of 50 and 100 ng/ml reduced
the uPA mRNA levels in a concentration-dependent manner
(Fig. 3A). Neither rhCCLS5, nor thCCL2 affected the level of
uPA mRNA. In contrast, rhIL-8 increased the level of uPA.
Treatment with rhIL-6 decreased uPA protein (Fig. 3B) and
activity (Fig. 3C) in a concentration-dependent manner, with
a significant inhibition observed at 100 ng/ml. The binding of
c-Jun to the uPA gene promoter was inhibited by treatment
with rhIL-6 at 100 ng/ml as evidenced by the ChIP assay
(Fig. 3D). These results indicate that a high concentration of

rhIL-6 (100 ng/ml) caused a marked downregulation of uPA
in the MDA-MB-231 cells.

IL-6 plays a crucial role in uPA downregulation in TNBC
cells. To determine the functional significance of IL-6, we
treated the MDA-MB-231 cells with a neutralizing antibody
(Ab-IL-6). The reduced expression of uPA by co-culture
with NK-92 was significantly increased by the neutralization
of IL-6 using Ab-IL-6, both at the mRNA (Fig. 4A) and the
protein level (Fig. 4B), as shown by RT-PCR and immunoblot
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Figure 4. A neutralizing antibody against IL-6 (Ab-IL-6) rescues NK cell-inhibited uPA expression and activity in TNBC cells. (A and B) The expression level
of uPA was determined by RT-PCR (A) and immunoblot analysis (B) in mono-cultured MDA-MB-231 cells and MDA-MB-231 cells co-cultured with NK-92
cells (one-way ANOVA, "P<0.05 and “P<0.01, respectively). The co-cultured cells were treated with Ab-IL-6 (500 ng/ml) for 48 h. (C) The uPAR protein levels
were detected by immunoblot analysis in MDA-MB-231 cells and cells co-cultured with NK-92 cells for 48 h (one-way ANOVA, "P<0.05). (D and E) RT-PCR
and immunoblot analysis were conducted to detect the uPA mRNA (D) and protein levels (E) in Hs578T cells treated Ab-IL-6 for 48 h (one-way ANOVA,
"P<0.05 and “P<0.01, respectively). NK, natural killer; uPA, urokinase-type plasminogen activator; TNBC, triple-negative breast cancer.

analysis, respectively. The downregulation of uPAR protein
levels by co-culture with NK-92 was recovered by Ab-IL-6
(Fig. 40).

We further investigated the inhibitory effect of NK-92 on
uPA in another TNBC cell line, the Hs578T cell line. As shown
in Fig. 4D and E, co-culture with NK-92 cells inhibited the uPA
expression in Hs578T TNBC cells. The reduced uPA mRNA
and protein levels by co-culture were recovered by Ab-IL-6 in
the Hs578T cells. However, in the MCF-7 cell line, which is a
non-TNBC cell line, the uPA mRNA and protein levels were
not affected by co-culture with NK-92 cells (Fig. S2A and B).
These data suggest that the inhibitory effect of NK-92 on uPA
may be specific to TNBC cells.

In addition, treatment with Ab-IL-6 markedly reversed the
uPA mRNA and protein levels decreased by rhIL-6 (100 ng/ml)
(Fig. 5A and B, respectively). The effect of IL-6 on uPA was

further investigated in Hs578T TNBC cells. As shown in
Fig. 5C and D, IL-6 decreased the uPA mRNA and protein
levels in Hs578T TNBC cells. These levels were recovered
by Ab-IL-6 in the Hs578T cells. These results demonstrate
that IL-6 secreted by NK-92 cells played a crucial role in the
downregulation of uPA in TNBC cells.

A neutralizing antibody against IL-6 rescues the NK
cell-inhibited invasion in TNBC cells. Next, we investigated
the role of IL-6 in regulating the invasive capacity of cells. As
shown in Fig. 6A, treatment with Ab-IL-6 significantly restored
the MDA-MB-231 cell invasive phenotype that was inhibited
by NK-92 cells. The CM of NK-92 cells also inhibited the
invasive phenotype of Hs578T TNBC cells, and the decreased
invasion was recovered by treatment with Ab-IL-6 (Fig. 6B).
In contrast, there was no change in the invasive phenotype
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Figure 5. A neutralizing antibody against IL-6 (Ab-IL-6) recovers the rhIL-6-mediated downregulation of uPA expression in TNBC cells. (A and B) RT-PCR
(B) and immunoblot analysis (B) were performed on MDA-MB-231 cells treated with rhIL-6 (100 ng/ml) and/or Ab-IL-6 (100 ng/ml) for 48 h (one-way
ANOVA, "P<0.05 and *"P<0.01, respectively). (C and D) The expression levels of uPA following treatment with rhIL-6 and/or Ab-IL-6 in Hs578T cells were
determined by RT-PCR (C) and immunoblot analysis (D) (one-way ANOVA, "P<0.05 and “"P<0.01, respectively). rh, recombinant human; uPA, urokinase-type

plasminogen activator; IL, interleukin; TNBC, triple-negative breast cancer.

of MCF-7 cells after co-culture with NK-92 cells (Fig. S2C).
These data suggest a TNBC cell-specific inhibition of the inva-
sive phenotype by NK-92 cell CM. When MDA-MB-231 cells
were treated with rhIL-6 at 100 ng/ml, the invasive phenotype
of MDA-MB-231 cells was significantly inhibited (Fig. 6C).
However, treatment with rhIL-6 at lower concentrations did
not significantly inhibit invasion. These data suggest that the
inhibitory effect of NK-92 cells on TNBC cell invasion may
be due to the increased secretion of IL-6, which inhibits uPA
expression and activation.

The IL-6/uPA ratio is correlated with the overall survival
of breast cancer patients. To examine the clinical relevance
of our in vitro data, we analyzed the correlation of IL-6 and
uPA with the overall survival of breast cancer patients using
the Gene Expression Profiling Interactive Analysis (GEPIA)
database (30). The Kaplan-Meier survival analysis revealed
that neither IL-6 nor uPA (PLAU) were significantly corre-
lated with overall patient survival (Fig. 6D, left and center,
respectively). Of note, a low IL-6/uPA ratio was significantly
associated with the poor survival of breast cancer patients,

compared to a high ratio (P<0.05) (Fig. 6D, right). The GEPIA
data suggest that the combination of low IL-6 and high uPA
may be crucial for malignant breast cancer, suggesting that the
ratio of IL-6 to uPA is a key factor in determining the overall
survival of breast cancer patients. Taken together, our findings
demonstrated that NK-92 cells downregulated uPA through
IL-6, resulting in the inhibition of the invasive phenotype of
TNBC cells (Fig. 6E).

Discussion

Mounting evidence suggests a role of natural killer (NK)
cells in the regulation of cancer metastasis, primarily through
immunosurveillance by NK cells, which recognizes and kills
metastatic cells (11). In the present study, we clearly demon-
strated that the invasive phenotype of triple-negative breast
cancer (TNBC) cells was significantly inhibited by co-culture
with NK-92 cells. Our results suggest that NK-92 cells within
the tumor microenvironment not only kill cancer cells via
immunosurveillance but can also regulate the metastatic
capability of cancer cells. Consistent with our results, a recent
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and the IL-6/uPA ratio (right) according to the GEPIA database (http://gepia.cancer-pku.cn). (E) A proposed model for NK-92-mediated uPA downregula-
tion leading to the inhibition of the invasive phenotype of TNBC cells. rh, recombinant human; uPA, urokinase-type plasminogen activator; uPAR, uPA

receptor; IL, interleukin; TNBC, triple-negative breast cancer.

paper showed that the migration and invasion of ovarian carci-
noma cells were inhibited by NK cells (14).

In an effort to identify matrix-degrading enzymes that
could be involved in NK-inhibited TNBC cell invasion, the
levels of various matrix metalloproteinases (MMPs) were
measured, as well as urokinase-type plasminogen activator
(uPA) in MDA-MB-231 cells co-cultured with NK-92 cells.
Here, we showed, for the first time, that NK-92 cells down-
regulated uPA, which plays a crucial role in the inhibition
of an invasive phenotype of TNBC cells. A growing body
of evidence supports a role for uPA as a prognostic factor in
breast cancer (31). High levels of uPA significantly correlate
with tumor aggressiveness and poor outcomes in breast
cancer (32,33). These results, in conjunction with our findings,
suggest that the inhibition of uPA may be able to control the
aggressive progression of breast cancer.

NK cell recognition of infected cells or cancer cells stimu-
lates cytokine secretion (34). Among the cytokines secreted
from NK-92 cells upon co-culture, interleukin (IL)-6 inhibited
the expression and activity of uPA in MDA-MB-231 cells, shown
by RT-PCR, immunoblot, and casein-plasminogen zymogram
analysis. The ChIP assay showed that IL-6 decreased the binding
of c-Jun to the uPA promoter. By using a neutralizing antibody
against IL-6, the inhibitory effect of IL-6 on uPA downregula-
tion and invasion in TNBC cells was further confirmed.

Treatment with rhIL-6 at a high concentration (100 ng/ml)
significantly inhibited the invasive phenotype of MDA-MB-231
cells, implying that the increased secretion of IL-6 by NK-92
cells exerted an inhibitory effect on invasion through uPA down-
regulation. However, in contrast to our results, elevated levels of
IL-6 were shown to be correlated with aggressive tumor growth
in several types of cancer, including nasopharyngeal, esophageal,
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and pancreatic cancers (35-37). The reported tumor-promoting
role of IL-6 was due mostly to the stimulation of tumor cell
proliferation and survival through activation of the PI3K, MEK,
and JAK/STAT pathways (38-40). Of note, uPA downregulation
was observed at low concentrations of IL-6, whereas the invasive
phenotype of the TNBC cells was not inhibited at these concen-
trations. These results suggest that the inhibitory effect of IL-6
on tumor cell invasion may only be achieved at relatively high
concentrations. In support of this hypothesis, the GEPIA analysis
showed that a high IL-6/uPA ratio was more advantageous to
the overall survival of breast cancer patients. Moreover, the
apparent discrepancy between these earlier reports and our find-
ings may also be explained, at least in part, by the fact that our
experimental system was a co-culture system with TNBC cells
and NK-92 cells, and therefore, lacks other surrounding immune
cells, such as T cells and macrophages. The inhibition of uPA
activity by IL-6 may be limited to TNBC cells, but these results
have extraordinary significance for breast cancer metastasis and
breast cancer treatment.

A growing number of studies have attempted to target the
uPA-uPAR system to suppress cancer (41,42). The present
study clearly demonstrates that NK-92 cells inhibited the
invasive phenotype of TNBC cells via the downregulation of
uPA. Based on these findings, we propose that uPA may be a
promising target for therapeutic strategies against TNBC.
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