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ELK3-CXCL16 axis determines natural killer cell cytotoxicity via the chemotactic 
activity of CXCL16 in triple negative breast cancer
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ABSTRACT
Triple-negative breast cancer (TNBC) is the most challenging subtype of breast cancer because of its 
aggressive behavior and the limited therapeutic strategies available. In the last decade, immunotherapy 
has become a promising treatment to prolong survival in advanced solid cancers including TNBC. 
However, the efficacy of immunotherapy in solid cancers remains limited because solid tumors contain 
few tumor-infiltrating lymphocytes. Here, we show that targeting an ETS transcription factor ELK3 (ELK3) 
recruits immune cells including natural killer (NK) cells into tumors via the chemotactic activity of 
chemokine. ELK3 depletion increases CXCL16 expression level and promotes NK cell cytotoxicity through 
CXCL16-mediated NK cell recruitment in TNBC. In silico analysis showed that ELK3 is negatively correlated 
with CXCL16 expression in breast cancer patient samples. Low expression of ELK3 and high expression of 
CXCL16 were associated with a better prognosis. Low expression of ELK3 and high expression of CXCL16 
were associated with increased expression of NK cell-related genes. Our findings demonstrate that the 
ELK3-CXCL16 axis modulates NK cell recruitment to increase NK cell cytotoxicity, suggesting that targeting 
the ELK3 gene could be an adjuvant strategy for increasing the efficacy of immunotherapy in TNBC.
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I Introduction

Current immunotherapy is an alternative strategy for the treat-
ment of refractory solid cancers after traditional cancer 
treatments.1,2 Immunotherapies, including T cell immunother-
apy, have improved the survival rate of advanced cancer 
patients.3–6 However, T cell immunotherapy faces several chal-
lenges for broad clinical application, such as the lack of tumor- 
infiltrating lymphocytes, difficulty with genetic engineering, 
high toxicity, and disease progression.7,8 Due to the limitations 
of T cell immunotherapy, a new approach to cellular immu-
notherapy is necessary in advanced solid tumors.

Natural killer (NK) cells are key members of the innate 
immune system that activate the adaptive immune system by 
releasing cytokines and chemokines.9,10 NK cells also play 
a critical role in immunosurveillance to control cancer 
progression.11–13 NK cells are activated by the recognition of 
activating and inhibitory receptors-ligands, as well as by solu-
ble factors such as cytokines in the tumor microenvironment 
(TME).14,15 However, in the immunosuppressive TME, NK 
cells lose cell cytotoxicity, resulting in dysfunctional NK cells 
that trigger cancer progression.16,17 Understanding the mole-
cular mechanisms underlying the regulation of NK cell activa-
tion may facilitate the development of NK cell therapy as an 
alternative immune cell therapy.

Although biopsies from cancer patients show low levels of 
infiltrating NK cells in tumor tissues, NK cell infiltrates are 
associated with a good prognosis in several solid tumors 
including melanoma and gastric cancer.18–20 Therefore, NK 
cell recruitment to the tumor is an essential step to improve 
the anticancer effect of NK cells. Chemokines can promote 
a change in the TME from immune-suppressive to immune- 
sensitive.21,22 However, the molecular mechanisms underlying 
NK cell recruitment to solid tumors remain unclear.

ELK3, an ETS transcription factor, functions as an oncogene 
in various cancers including TNBC.23–27 ELK3 contributes to 
cancer metastasis by regulating cell migration-related 
genes.28,29 ELK3 is involved in chemokine regulation that 
VEGF mediates lymphatic endothelial cell migration in lym-
phangiogenesis and also regulates macrophage recruitment in 
the immune response.30–33 However, the role of ELK3 in antic-
ancer immune responses is still not clear.

Here, we report that targeting ELK3 might be a promising 
strategy for boosting the efficacy of immunotherapy in TNBC. 
ELK3 depletion increased the sensitivity to NK cell cytotoxicity 
by inhibiting the inhibitory ligand of tumor cells and the 
inhibitory receptor of NK cells. Also, ELK3 depletion signifi-
cantly induced a chemokine such as CXCL16. In vitro and 
in vivo studies showed that CXCL16 promoted NK cell recruit-
ment to target tumor cells. CXCL16-induced NK cell
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infiltration is important for enhancing NK cell cytotoxicity. In 
silico analysis showed a negative correlation between the ELK3 
and CXCL16 genes in human breast cancer patients and in 
TNBC cell lines. Low expression of ELK3 and high expression 
of CXCL16 were associated with a good prognosis and upre-
gulation of NK cell-related genes in human breast cancer 
patient samples. We demonstrated that the ELK3-CXCL16 
axis mediates NK cell recruitment to improve NK cell cyto-
toxicity in TNBC.

Materials and methods

Cell cultures and reagents

The human NK cell line NK92MI was purchased from the 
American Type Culture Collection (ATCC). NK92MI cells 
were cultured in Minimum Essential Medium Alpha (Gibco, 
12451056, Grand Island, NY, USA) supplemented with 2 mM 
L-glutamine (Gibco, 25030-081), 0.2 mM inositol (Sigma, 
I7508, St. Louis, MO, USA), 0.1 mM 2-mercaptoethanol 
(Gibco, 21985-023), 0.02 mM folic acid (Sigma, F5758), 12.5% 
fetal bovine serum, and 1% penicillin–streptomycin (Gibco). 
The human breast cancer cell line MDA-MB231 was cultured 
in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco) 
supplemented with 10% fetal bovine serum (Gibco) and 1% 
penicillin-streptomycin (Gibco). The human breast cancer cell 
line Hs578T was cultured in DMEM (Gibco) supplemented 
with 10% fetal bovine serum (Gibco), 1% penicillin–strepto-
mycin (Gibco), and 0.01 mg/ml insulin (Sigma, I9278). Human 
primary NK cells were purified from peripheral blood mono-
nuclear cells (PBMC), as described previously.34 Primary NK 
cells were cultured in Advanced Roswell Park Memorial 
Institute 1640 medium with non-essential amino acids 
(Gibco) supplemented with 10% fetal bovine serum, 1% peni-
cillin–streptomycin, 4 mM GlutaMAX-I Supplement (Gibco), 
10 ng/mL human interleukin-2 (PeproTech), and 5 ng/mL 
interleukin-15 (PeproTech) for 14 days. All cells were incu-
bated at 37°C and 5% CO2. To generate stable ELK3- 
knockdown cells, shRNA lentiviruses (human ELK3, 
RHS4531-EG2004, Dharmacon Inc., Lafayette, CO, USA) 
were transduced into target cells with 10 μg/ml protamine 
sulfate. pLVX-CXCL16 was generated by cDNA synthesis. 
The protein coding region of the CXCL16 gene was ligated 
into the pLVX vector. To generate stable CXCL16 overexpres-
sing cells, pLVX-CXCL16 and pRRL-GFP vectors were trans-
duced into target cells with 10 μg/ml protamine sulfate. The 
infected cells were selected with 2 μg/ml puromycin. To gen-
erate transient gene-knockdown cells, 50 nM siRNA (human 
CXCL16 #1 and human CXCL16 #2, siRNA ID: 58,191-1 and 
58191-2; Bioneer, Daejeon, Chungnam, Republic of Korea) was 
transfected into target cells using Lipofectamine 2000. 
Recombinant human CXCL16 protein was purchased from 
PEPROTECH (300–55, Cranbury, NJ, USA).

Real-time qPCR

RNA was extracted from cells using the Trizol reagent 
(Invitrogen, Carlsbad, CA, USA). cDNA synthesis was per-
formed using SuperScript™ II Reverse Transcriptase 

(Invitrogen), and qPCR was performed using TOPreal™ qPCR 
2× PreMIX (Enzynomics, Daejeon, Chungnam, Republic of 
Korea). The primers used for this study are listed in 
Supplemental Table 1. Expression values were generated 
using ΔΔCt values normalized to GAPDH.35 The experiments 
were performed in triplicate, both biological and technical, 
using the CFX Connect (Bio-Rad, Hercules, CA, USA) real- 
time PCR detection system. For each comparison, unpaired 
two-tailed Student’s t-tests were performed to determine the 
statistical significance.

Immunoblot analysis

Cells were lysed with Cell Lysis Buffer (Cell Signaling Technology, 
Inc. Danvers, MA, USA). Total proteins were separated by sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 
and transferred to poly(vinylidene fluoride) PVDF membranes 
(Bio-Rad). The membranes were blocked with 5% nonfat milk 
and then probed overnight at 4°C with anti-ELK3 (Novus 
Biologicals, NBP2-01264), anti-CXCL16 (Santa Cruz 
Biotechnology, sc-376395), and anti-GAPDH (Santa Cruz 
Biotechnology, sc‑166574, Dallas, Texas, USA) antibodies, fol-
lowed by washing with TBS-T. After washing, the membranes 
were incubated for 1 h at RT with a secondary antibody (anti- 
mouse, GeneTex, GTX213111-01). Immunoreactivity was 
detected using an ECL kit (Thermo Scientific, Rochester, NY, 
USA) and ImageQuant Las 4000 (GE Healthcare, Chicago, 
IL, USA).

3D cell cultures and immunostaining

Cells were seeded on Matrigel (Growth Factor Reduced 
Matrigel, BD Biosciences, Franklin Lakes, NJ, USA) using 2% 
Matrigel DMEM media supplemented with 10% fetal bovine 
serum and penicillin/streptomycin. Immunostaining with cell- 
based organoids was performed following a previously pub-
lished protocol.36 Primary antibodies used were anti- 
E-cadherin (BD Bioscience, 610181) and anti-F-actin 
(Thermo Fisher, A12381). Images were acquired using a Zeiss 
LSM 510 microscope and analyzed with ImageJ software.

NK cell cytotoxicity in 3D cell cultures

NK cell-mediated apoptosis was analyzed using CellEvent® 
Caspase-3/7 green detection reagent (Invitrogen, C10423). 
Briefly, the cells were cultured in a 3D culture system for 4  
days and cocultured with FarRed (Invitrogen, C34564)-labeled 
NK92MI cells for 4 h. Apoptotic cells were stained with Caspase- 
3/7 green reagent following the manufacturer’s protocol and 
visualized under the microscope. Images were acquired using 
a Zeiss LSM510 microscope and analyzed with ImageJ software.

In vitro NK cell cytotoxicity assay

Cancer cells were cocultured with CFSE (Invitrogen, C34554)- 
labeled NK92MI cells for 4 h and then stained with 7AAD 
(Invitrogen, A1310) to analyze NK cell-mediated cell death. 
CFSE-7AAD-positive cells were counted as target cell death
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using a CytoFLEX flow cytometer (Beckman Coulter, Brea, 
CA, USA).

Chemotaxis assay

NK cell mobility was analyzed using a Transwell insert 
(Corning, 3422, Corning, NY, USA). Cells (1 × 105) were 
seeded in 24-well plates and cultured for 24 h. A total of 1 ×  
105 CFSE or FarRed-labeled NK92MI cells were seeded in the 
Transwell insert in serum-free medium, and the insert was 
loaded into 24-well plates. After 6 h or 24 h, migrated 
NK92MI cells were visualized under a microscope. Images 
were acquired using a Zeiss LSM510 microscope or EVOS 
M5000 and analyzed with ImageJ software.

Secreted proteins analysis

Cells were cultured for 24–48 h, and the conditioned medium 
was harvested from the culture. The analysis of secreted pro-
teins in conditioned medium was performed using the pro-
teome profiler human angiogenesis array kit (R&D system, 
Minneapolis, MN, USA) according to the manufacturer’s 
protocol.

Flow cytometry

Cells were washed with fluorescence-associated cell sorting 
(FACS) buffer (BD Bioscience, 554656) and blocked with Fc 
blocker (BD Bioscience, 564220) for 30 min at room tempera-
ture. Cells were stained with fluorescence-conjugated primary 
antibodies for 30 min on ice, washed twice with FACS buffer, 
and fixed with 2% PFA for 15 min. For non-conjugated pri-
mary antibodies, the cells were incubated with primary anti-
bodies overnight at 4°C and incubated with secondary 
antibodies for 60 min at room temperature. Samples were 
analyzed using a CytoFLEX flow cytometer (Beckman 
Coulter). Primary antibodies used were as follows: anti- 
CD107a (BD Biosciences, 560664), anti-IFNγ (BioLegend, 
554701, San Diego, CA, USA), anti-NKG2A (BioLegend, 
375103), anti-CD96 (BioLegend, 562379), anti-NKG2D (BD 
Biosciences, 557940), anti-CD16 (Invitrogen, MHCD1604), 
anti-ULBP-1 (R&D Systems, MAB1380), anti-ULBP-2/5/6 
(R&D Systems, MAB1289), anti-ULBP-3 (R&D Systems, 
MAB1517), anti-MIC-A/B (Invitrogen, 12-5788-42), anti- 
HLA-ABC (BD Biosciences, 557349), anti-HAL-E 
(Invitrogen, 12-9953-41), anti-HLA-G (Invitrogen, 12-9957- 
41), and CXCR6 (BioLegend, 151103). For CD107a and IFNγ 
staining, cells were treated with brefeldin A (BioLegend, 
420601) for 5 h before incubation with the primary antibody.

Microarray analysis

Microarray data of MDA-MB231 cells were downloaded from 
the GEO database (GSE83325).37 Affymetrix expression micro-
array analysis of the Hs578T cell line was performed by 
BioCore. Briefly, the library was constructed using the standard 
Affymetrix protocol. Labeled DNA was hybridized to the 
Affymetrix GeneChip Array (Affymetrix, Santa Clara, CA, 
USA) and scanned on a GCS3000 scanner (Affymetrix). Data 

processing and analysis were performed using Affymetrix 
GeneChip Command Console Software (Affymetrix). Genes 
with fold change >1.50 and p < 0.05 were first selected. Gene 
lists were sorted using the KEGG mapper tool (https://www. 
genome.jp/kegg/mapper/). Gene clustering and heatmaps were 
analyzed using the MeV tool (version 4.9.0). The Hs578t 
microarray data are deposited in the Gene Expression 
Omnibus data repository under the code GSE208584. Gene 
expression data from breast cancer cell lines were downloaded 
from the Cancer Dependency Map (DepMap). Gene expres-
sion data were obtained from 24 breast cancer cell lines.

TCGA analysis of breast cancer patients

Gene expression and survival analyses of 421 breast cancer 
patient samples from TCGA databases were performed on 
the cBioportal website (https://www.cbioportal.org/). For 
large-scale survival analysis, RNA-seq data from TCGA were 
retrieved using R/Bioconductor package TCGAbiolinks38 ver-
sion 2.18.0. Breast cancer (TCGA-BRCA) normalized expres-
sion data of 1215 cases, including 1095 primary tumors, 7 
metastatic tumors, and 113 normal tissues aligned to the 
hg19 reference genome, were downloaded using the GDC 
download function from NCI’s Genomic Data Commons 
(GDC) https://portal.gdc.cancer.gov/. Survival analysis was 
performed using clinical metadata from TCGA depending on 
whether the expression of ELK3 and CXCL16 in each sample 
was higher (high expression) or lower (low expression) than 
the median. TCGA analyze_survival function was used, and 
the significance level was set at 0.05 for group comparisons in 
the survival analysis. A p-value <0.05 was considered signifi-
cant. NK cell-related genes were selected from the published 
data.39 Gene correlations of 1,085 breast cancer patient samples 
from TCGA database were analyzed using the Gene Expression 
Profiling Interactive Analysis 2 (GEPIA2) website (http:// 
gepia2.cancer-pku.cn). The correlation coefficient was calcu-
lated using Pearson’s Correlation, and a p-value <0.05 was 
considered to indicate a statistically significant difference.

Mouse experiments

To establish the experimental metastasis model, 2 × 106 MDA- 
MB231 cells expressing GFP-luciferase were intravenously 
injected into 7-week-old female BALB/c nude mice. After 4  
weeks, mice were treated with 1 × 107 FarRed-labeled NK92MI 
cells by intravenous (IV) injection three times within a week. 
Mice were sacrificed to harvest lung tissue. To establish an 
MDA-MB231 orthotopic mouse model, 5 × 106 cells expressing 
GFP-luciferase were injected into the mammary gland of 
7-week-old female NOD-SCID gamma (NSG) mice. When 
tumors were formed, mice were treated with 1 × 107 FarRed- 
labeled NK92MI cells by intravenous (IV) injection every 
other day. Tumor size was monitored twice a week. Mice 
were sacrificed to harvest tumor and lung tissues. To analyze 
the NK cell recruitment, harvested tissues were digested with 
Accumax (Sigma-Aldrich, A70890), and tumor cells and NK 
cells were isolated by removing red blood cells using RBC lysis 
buffer (Biolegend, 42030). The portion of GFP-labeled tumor 
cells and FarRed-labeled NK92MI cells was analyzed using
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Figure 1. ELK3 depletion increases NK cell cytotoxicity regardless of E-cadherin expression. (a) Immunofluorescence images of caspase 3/7 activity (green) in MDA- 
MB231 organoids expressing shCon and shELK3#1 after 4 h of coculture with FarRed-labeled NK92MI cells. The E:T ratio is presented as 1:1, 1:5, and 1:10. Scale bar, 100  
μm. (b) Rate of target cell death in MDA-MB231 cells expressing shCon, shELK3#1, shELK3#3, and shELK3#5 after 4 h of coculture with CFSE-labeled NK92MI cells. The E:T 
ratio is 1:10. Error bars represent standard deviation; **p < 0.01 (one-way ANOVA). (c) Immunofluorescence images of perforin and granzymeB in MDA-MB231 organoids 
expressing shCon and shELK3#1 after 4 h of coculture with FarRed-labeled NK92MI cells. The E:T ratio is 1:10. Scale bar, 50 μm. (d) The quantified graft of granzymeB and 
perforin protein. Error bars represent standard deviation; ***p < 0.001 (unpaired two-tailed Student’s t-test). (e) The percentage of CD107a-positive and IFNγ-positive 
NK92MI cells in MDA-MB231 cells expressing shCon and shELK3#1 after 4 h of coculture with NK92MI cells. Error bars represent standard deviation; *p < 0.05 (unpaired 
two-tailed Student’s t-test). (f-g) Quantitative analysis of indicated ligands in MDA-MB231 cells expressing shCon and shELK3#1. Error bars represent standard deviation; 
*p < 0.05, NS is non-significant (unpaired two-tailed Student’s t-test). (h-i) Quantitative analysis of indicated receptors in MDA-MB231 cells expressing shCon and 
shELK3#1. Error bars represent standard deviation; *p < 0.05, NS is non-significant (unpaired two-tailed Student’s t-test).
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Figure 2. ELK3 depletion increases CXCL16 expression in TNBC cells. (a) Experimental scheme for assessing NK cell cytotoxicity using conditioned medium (CM) from 
MDA-MB231 organoids expressing shCon and shELK3#1. CM from MDA-MB231 organoids was applied to MDA-MB231 organoids expressing shELK3#1 for NK92MI cell 
coculture; conversely, CM from MDA-MB231 organoids expressing shELK3#1 was applied to MDA-MB231 organoids expressing shCon for NK92MI cell coculture. N. 
M. represents normal media. Immunofluorescence images of caspase 3/7 activity (green) in MDA-MB231 organoids expressing shCon and shELK3#1 after 4 h of 
coculture with FarRed-labeled NK92MI cells under the indicated conditions. The E:T ratio is 1:10. Scale bar, 100 μm. (b) Rate of target cell death in MDA-MB231 cells 
expressing shCon and shELK3#1 after 4 h of coculture with CFSE-labeled NK92MI cells under the indicated conditions. The E:T ratio is 1:10. Error bars represent standard 
deviation; *p < 0.05 (unpaired two-tailed Student’s t-test). NS is non-significant. (c) Quantification of secreted CXCL16 protein in MDA-MB231 cells transfected with 
siCon and siELK3. Error bars represent standard deviation; ***p < 0.001 (unpaired two-tailed Student’s t-test). (d) Quantitative analysis of CXCL16 mRNA levels in MDA- 
MB231 cells expressing shCon and shELK3#1. Error bars represent standard deviation; **p < 0.01 (unpaired two-tailed Student’s t-test). (e) Immunoblot analysis of the 
CXCL16 protein in MDA-MB231 cells expressing shCon, shELK3#1, shELK3#3, and shELK3#5. GAPDH was used as the loading control. (f) Heatmap analysis of immune- 
related genes in MDA-MB231 cells expressing shCon and shELK3#1. (g) Correlation analysis of ELK3 and CXCL16 in various breast cancer cells. Orange line indicates TNBC 
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a CytoFLEX flow cytometer (Beckman Coulter). To visualize 
recruited NK cells in the lung, frozen lung tissue was observed 
for the presence of GFP-labeled tumor cells and FarRed- 
labeled NK92MI cells under a Zeiss LSM510 microscope. All 
animal care and experiments were performed in accordance 
with the animal protocol approved by Institutional Animal 
Care and Use Committee of CHA University (IACUC210067, 
CHA University, Seongnam, Gyeonggi, Republic of Korea).

Statistical analysis

Statistical analysis was performed using GraphPad Prism soft-
ware. P-values were derived from unpaired two-tailed 
Student’s t-tests and two-way ANOVA for multiple compar-
isons. Error bars indicate standard deviation (SD). Statistical 
significance was considered as p < 0.05. Significance levels were 
reported as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p <  
0.0001. All data were derived from at least three independent 
biological experiments.

Results

ELK3 depletion enhances NK cell cytotoxicity in the 
E-cadherin independent manner

A previous report suggested that ELK3 negatively regulates 
E-cadherin to promote epithelial–mesenchymal transition26. 
ELK3 depletion in MDA-MB231 organoids induced epithe-
lial characteristics including increased E-cadherin expres-
sion and decreased F-actin expression (Supplemental 
Figure 1a-c). Because E-cadherin is a ligand of the inhibi-
tory receptor KLRG-1 in NK cells,40,41 we investigated 
whether the effect of ELK3 depletion on the immune 
response of NK cells in TNBC. Unexpectedly, ELK3 deple-
tion significantly increased apoptosis and cell death com-
pared with the control (Figure 1a-b). Consistent with NK 
cell cytotoxicity, granzyme B, perforin, CD107a, and IFNγ, 
which are indicators of activated NK cells, were accumu-
lated in ELK3-depleted MDA-MB231 organoids and cells 
(Figure 1c-e). We analyzed the activating and inhibitory 
receptors/ligands of NK cells in control and ELK3- 
depleted MDA-MB231 cells. Activating and inhibitory 
ligands on cancer cells were significantly decreased in 
ELK3-depleted MDA-MB231 cells (Figure 1f-g). 
Additionally, activating and inhibitory receptors of NK 
cells did not differ between control and ELK3-depleted 
cells except for an inhibitory receptor of CD96 
(Figure 1h-i). These results indicate that ELK3 depletion 
promotes NK cell-mediated cell death regardless of 
E-cadherin expression.

ELK3 depletion increases CXCL16 expression in TNBC cell 
lines

Given that the immune response of NK cells is associated with 
chemokines,42,43 we examined whether secreted factors control 
NK cell cytotoxicity in ELK3-depleted MBA-MB231 cells. 
Conditioned medium (CM) from control and ELK3-depleted 
organoids cultures was harvested and inversely applied to 
control and ELK3-depleted organoids during NK cell cocul-
ture. Interestingly, the CM from ELK3-depleted organoids 
increased NK cell cytotoxicity in control MBA-MB231 orga-
noids (Figure 2a-b), suggesting that the CM from ELK3- 
depleted MDA-MB231 cells contains secreted factors that 
increase NK cell cytotoxicity. To address this, we analyzed 
secreted proteins in the CM from control and ELK3-depleted 
cells using an immunoassay. Indeed, CXCL16 protein remark-
ably secreted in the media from ELK3-depleted MDA-MB231 
cells (Figure 2c). The mRNA and protein levels of CXCL16 
were also increased in ELK3-depleted MDA-MB231 cells 
(Figure 2d-e). Microarray analysis confirmed that CXCL16 
levels were higher in ELK3-depleted MDA-MB231 cells than 
in control cells (Figure 2f). To extend this finding, we per-
formed in silico analysis using various breast cancer cell lines. 
Most TNBC cell lines showed high expression of ELK3 and low 
expression of CXCL16 (Figure 2g, orange line). ELK3-depleted 
Hs578T cells also showed induction of CXCL16 mRNA and 
protein levels (Figure 2h-k). Microarray analysis confirmed 
that CXCL16 levels were higher in ELK3-depleted Hs578T 
cells than in control cells (Figure 2l). These data suggest that 
ELK3 depletion increases CXCL16 protein levels in TNBC cell 
lines.

CXCL16 contributes to NK cell cytotoxicity through the 
recruitment of NK cells

To investigate the relation between CXCL16 induction and 
increased NK cell cytotoxicity, we examined the effects of 
CXCL16 on NK cell-mediated cell death. MDA-MB231 orga-
noids with CXCL16 recombinant protein treatment during NK 
cell coculture showed increased NK cell cytotoxicity (Figure 3). 
We investigated whether CXCL16 increased NK cell recruit-
ment for enhancing NK cell cytotoxicity because NK cells 
expressed CXCR6 which was a counterpart of CXCL16 
(Supplemental Figure 2a-b). To examine the effect of 
CXCL16 on the migration of NK cells using an in vitro 
Transwell assay, the recombinant CXCL16 protein induced 
the migration of NK cells in a dose-dependent manner 
(Figure 3c-d). The number of migrated NK cells was higher 
in ELK3-depleted than in control MDA-MB231 cells 
(Figure 3e-f). ELK3-depleted Hs578T cells also showed 
increased migration of NK cells (Figure 3g-i), suggesting that

cells. (h) Quantitative analysis of ELK3 mRNA levels in Hs578T cells expressing shCon and shELK3#1. Error bars represent standard deviation; ****p < 0.0001 (unpaired 
two-tailed Student’s t-test). (i) Quantitative analysis of CXCL16 mRNA levels in Hs578T cells expressing shCon and shELK3#1. Error bars represent standard deviation; **p  
< 0.01 (unpaired two-tailed Student’s t-test). (j) Immunoblot analysis of ELK3 in Hs578T cells expressing shCon and shELK3#1. GAPDH was used as the loading control. 
(k) Immunoblot analysis of CXCL16 in Hs578T cells expressing shCon and shELK3#1. GAPDH was used as the loading control. (l) Heatmap analysis of immune-related 
genes in Hs578T cells expressing shCon and shELK3#1.
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Figure 3. The chemotactic activity of CXCL16 recruits NK cells to target TNBC cells. (a) Immunofluorescence images of caspase 3/7 activity (green) in MDA-MB231 
organoids expressing shCon and shELK3#1 after 4 h of coculture with FarRed-labeled NK92MI cells under the indicated conditions. The E:T ratio is 1:10. Scale bar, 100  
μm. (b) Rate of target cell death in MDA-MB231 cells expressing shCon after 4 h of coculture with CFSE-labeled NK92MI cells under the indicated conditions. The final 
concentration of CXCL16 protein was 200 ng/ml. The E:T ratio is 1:10. Error bars represent standard deviation; *p < 0.05, ***p < 0.001 (one-way ANOVA). (c) 
Immunofluorescence images of migrated NK92MI cells in response to recombinant CXCL16 protein. Scale bar, 200 μm. (d) The graph indicates the number of migrated 
NK92MI cells in CXCL16-mediated chemotaxis. Error bars represent standard deviation; **p < 0.01 (one-way ANOVA). (e) Migrated NK92MI cells in MDA-MB231 cells 
expressing shCon, shELK3#1, shELK3#3, and shELK3#5. Scale bar, 100 μm, 200 μm. (f) The graph indicates the number of migrated NK cells in MDA-MB231 cells 
expressing shCon, shELK3#1, shELK3#3, and shELK3#5. Error bars represent standard deviation; **p < 0.01, ***p < 0.001 (one-way ANOVA). (g-i) Migrated NK92MI cells in 
Hs578T cells expressing shCon and shELK3#1. The graph indicates the number of migrated NK92MI cells in Hs578T cells expressing shCon and shELK3#1. Scale bar, 100  
μm, 200 μm. Error bars represent standard deviation; ***p < 0.001, ****p < 0.0001 (unpaired two-tailed Student’s t-test).
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Figure 4. The ELK3-CXCL16 axis determines the response of NK cells in TNBC cells. (a) Immunofluorescence images of caspase 3/7 activity (green) in MDA-MB231 
shELK3#1 organoids transfected with siCon, siCXCL16#1, and siCXCL16#2 after 4 h of coculture with FarRed-labeled NK92MI cells. The E:T ratio is 1:10. Scale bar, 50 μm. 
(b) Rate of target cell death in MDA-MB231 shELK3#1 cells transfected with siCon siCXCL16#1, and siCXCL16#2 after 4 h of coculture with CFSE-labeled NK92MI cells. 
Error bars represent standard deviation; *p < 0.05, **p < 0.01 (one-way ANOVA). (c) Migrated NK92MI cells in MDA-MB231 shELK3#1 cells transfected with siCon 
siCXCL16#1, and siCXCL16#2. Scale bar, 200 μm. (d) The graph indicates the number of migrated NK92MI cells in MDA-MB231 shELK3#1 cells transfected with siCon 
siCXCL16#1, and siCXCL16#2. Error bars represent standard deviation; *p < 0.05 (one-way ANOVA). (e) Migrated primary NK cells in MDA-MB231 shELK3#1 cells 
transfected with siCon siCXCL16#1, and siCXCL16#2. Error bars represent standard deviation; **** p < 0.0001 (one-way ANOVA). (f) Rate of target cell death in MDA- 
MB231 shELK3#1 cells transfected with siCon siCXCL16#1, and siCXCL16#2 after 4 h of coculture with CFSE-labeled primary cells. Error bars represent standard deviation; 
*p < 0.05, **p < 0.01 (one-way ANOVA). (g) Migrated NK92MI cells in Hs578T shELK3#1 cells transfected with siCon siCXCL16#1, and siCXCL16#2. Error bars represent 
standard deviation; ****p < 0.0001 (one-way ANOVA). (h) Migrated primary NK cells in Hs578T shELK3#1 cells transfected with siCon siCXCL16#1, and siCXCL16#2. Error 
bars represent standard deviation; ****p < 0.0001 (one-way ANOVA). (i) Rate of target cell death in Hs578t and Hs578t shELK3#1 cells transfected with siCon siCXCL16#1, 
and siCXCL16#2 after 4 h co-cultured with CFSE-labeled NK92MI cells. Error bars represent the standard deviation; *p < 0.05 (one-way ANOVA).

8 H.-Y. JUNG ET AL.



Figure 5. CXCL16 promotes NK cell chemotaxis and cytotoxicity in vivo. (a) Quantitative analysis of CXCL16 mRNA levels in MDA-MB231-GFP-luciferase cells expressing 
control and CXCL16 (231-control and 231-CXCL16). Error bars represent standard deviation; ***p < 0.001 (unpaired two-tailed Student’s t-test). (b) Immunoblot analysis 
of CXCL16 in 231-control and 231-CXCL16 cells. GAPDH was used as the loading control. (c) Migrated NK92MI cells in 231-control and 231-CXCL16 cells. Scale bar, 100  
μm. The graph indicates the number of migrated NK92MI cells in 231-control and 231-CXCL16 cells. Error bars represent standard deviation; *p < 0.05 (unpaired two- 
tailed Student’s t-test). (d) Experimental scheme for NK cell recruitment in the experimental metastasis model. NK92MI cells were intravenously injected three times 
after 231-control and 231-CXCL16 cell injection. (e) The percentage of GFP-positive cells in the lungs from mice harboring 231-control and 231-CXCL16 cells after 
administration of NK92MI cells. GFP indicates tumor cells in the lung. FarRed indicates NK92MI cells in the lung. Error bars represent standard deviation; *p < 0.05 
(unpaired two-tailed Student’s t-test). NS is non-significant. (f) Immunofluorescence images of NK92MI cells in the lungs from mice harboring 231-control and 231- 
CXCL16 cells after NK92MI cell administration. Scale bar, 100 μm, 200 μm. (g) Experimental scheme for NK cell recruitment and NK cell cytotoxicity in the orthotopic 
mouse model. NK92MI cells were intravenously injected six times after visualization of primary tumors. (h) Primary tumor growth in mice harboring 231-control and 231- 
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CXCL16 promotes NK cell recruitment to tumor cells for NK 
cell-mediated cytotoxicity in TNBC

The ELK3-CXCL16 axis is essential for NK cell-mediated 
cytotoxicity

To further investigate whether a molecular link between 
ELK3 and CXCL16 is required for the immune response of 
NK cells, we used siRNA against the CXCL16 in ELK3- 
depleted MDA-MB231 and Hs578T cells. MDA-MB231 and 
Hs578T cells with siRNA against the CXCL16 gene signifi-
cantly decreased CXCL16 mRNA and protein levels 
(Supplemental Figure 3a-d). CXCL16 depletion in ELK3- 
depleted MDA-MB231 cells suppressed NK cell-mediated 
apoptosis and cell death compared with control cells 
(Figure 4a-b). CXCL16 depletion remarkably suppressed 
the recruitment of NK cells to target cells in ELK3-depleted 
MDA-MB231 cells (Figure 4c-d). Indeed, primary NK cells 
consistently presented NK cell recruitment and cytotoxicity 
in the indicated conditions of MDA-MB231 cells (Figure 4e- 
f). In ELK3-depleted Hs578T cells, CXCL16 depletion inhib-
ited NK cell cytotoxicity through NK cell recruitment 
(Figure 4g-i). These data suggest that ELK3 depletion- 
mediated CXCL16 induction contributes to increasing the 
immune response in TNBC.

CXCL16 promotes the infiltration of NK cells to control 
cancer progression in vivo

To determine whether CXCL16 recruited NK cells to tumors in 
TNBC mouse model, we generated MDA-MB231 cells over-
expressing GFP (231-control) and overexpressing GFP and 
CXCL16 (231-CXCL16) (Figure 5a-b). In vitro transwell assays 
showed that the number of migrated NK cells was higher in 231- 
CXCL16 cells than in 231-control cells (Figure 5c). To further 
investigate whether CXCL16 induced the infiltration of NK cells 
in the TNBC mouse model, we evaluated the recruitment of NK 
cells using an experimental metastasis mouse model. 231- 
control and 231-CXCL16 cells were intravenously injected into 
mice for 28 days to change the microenvironment to one that 
favors immune cells, followed by intravenous injection of 
FarRed-labeled NK cells (Figure 5d). After 33 days, harvested 
lung tissues were dissociated, and the number of NK cells was 
estimated by flow cytometry. Lungs from mice harboring 231- 
CXCL16 cells had a higher number of NK (FarRed) cells than 
those from control mice (Figure 5e). NK cells were nearly 
localized to disseminated tumor cells (DTCs) overexpressing 
CXCL16 in the lung (Figure 5f), suggesting that CXCL16 altered 
the TME to attract NK cell recruitment. Next, we examined 
whether the function of CXCL16 in the regulation of primary 

cancer and metastatic growth in TNBC orthotopic mouse 
model. 231-control and 231-CXCL16 cells were injected into 
the mammary glands of mice for 28 days, followed by intrave-
nous injection of FarRed-labeled NK cells (Figure 5g). Mice 
harboring 231-CXCL16 cells showed a statistically significant 
suppressive tumor growth compared with mice harboring 231- 
control cells, suggesting an anticancer effect of NK cells 
(Figure 5h-i). However, the number of NK cells in the tumor 
did not differ between the control and CXCL16 groups because 
of the rare population of NK cells (Figure 5j). NK cell adminis-
tration significantly inhibited the dissemination of tumor cells 
into the lung by increasing NK cell recruitment in mice harbor-
ing 231-CXCL16 cells (Figure 5k-l). These data suggest that 
CXCL16 promotes the infiltration of NK cells to suppress pri-
mary tumor and metastatic growth in the TNBC mouse model.

ELK3 and CXCL16 are negatively correlated in human 
breast cancer patients

To determine whether the molecular relationship between 
ELK3 and CXCL16 controls breast cancer progression, we 
performed in silico analysis using TCGA database. The results 
of in silico analysis showed a negative correlation between 
ELK3 and CXCL16 mRNA levels in human breast cancer 
patient samples but not in TNBC samples (Figure 6a). The 
survival rate was slightly higher in patients with low expression 
of ELK3 and high expression of CXCL16 (Figure 6b). Large 
scale survival analysis showed that low expression of ELK3 and 
high expression of CXCL16 were significantly associated with 
good prognosis of human breast cancer patients (Figure 6c). To 
determine whether the molecular link between ELK3 and 
CXCL16 predicts NK cell recruitment in human breast cancer 
patients, we analyzed NK cell gene signatures in breast cancer 
patient samples. For this purpose, NK cell-related genes were 
used as described in a previous report.39 Low expression of 
CXCL16 was associated with low expression of NK cell-related 
genes, which indicates a low number of NK cells in the patient 
samples (Figure 6d_white box). Samples showing low expres-
sion of ELK3 and high expression of CXCL16 had increased 
expression of NK cell-regulated genes (Figure 6d_yellow box 
and 6e), indicating that CXCL16 may promote NK cell recruit-
ment, thereby inducing the formation of an immune-sensitive 
TME. These data suggest that ELK3 could be a promising 
candidate target to increase the efficacy of NK cell therapy in 
breast cancer.

Discussion

In this study, we demonstrated that CXCL16 is increased by 
ELK3 depletion and promotes the recruitment of NK cells to

CXCL16 cells after NK92MI cell administration. Error bars represent standard deviation; **p < 0.01, ***p < 0.001 (two-way ANOVA, multiple comparisons). The gray circle 
indicates the control group. The black box indicates the control with NK92MI administration group. The red triangle indicates the CXCL16 with NK92MI administration 
group. (i) The analysis of primary tumor weight from mice harboring 231-control and 231-CXCL16 cells after NK92MI cell administration. Error bars represent standard 
deviation; *p < 0.05 (one-way ANOVA, multiple comparisons). NS is non-significant. (j) The percentage of FarRed-positive cells in the primary tumor from the mouse 
harboring 231-control and 231-CXCL16 cells after indicated NK92MI cells administration. FarRed indicates NK92MI cells in the tumor. Error bars represent the standard 
deviation. NS is non-significant. Error bars represent the standard deviation; *p < 0.05 (Unpaired two-tailed Student’s t-test). (k-l) The percentage of GFP and FarRed- 
positive cells in the lung from the mouse harboring 231-control and 231-CXCL16 cells after indicated NK92MI cells administration. GFP indicates disseminated tumor 
cells in the lung. FarRed indicates NK92MI cells in the lung. Error bars represent standard deviation; **p < 0.01 (one-way ANOVA, multiple comparisons, unpaired two- 
tailed Student’s t-test).
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Figure 6. Negative correlation between ELK3 and CXCL16 in human breast cancer. (a) Expression analysis of ELK3 and CXCL16 in 421 human breast cancer patient 
samples (TCGA database). (b-c) Kaplan–Meier survival plots showing the overall survival of breast cancer patients. (d) Heatmap analysis of ELK3, CXCL16, and NK cell- 
relatedgenes37 in 421 human breast cancer patient samples. The white box indicates the patient samples with high expression of the ELK3 gene and low expression of 
the CXCL16 gene. The yellow box indicates patient samples with low expression of the ELK3 gene and high expression of the CXCL16 gene. (e) Correlation analysis of 
CXCL16 and NK cell-related genes in human breast cancer patient samples. (f) The biological role of ELK3-CXCL16 axis on NK cell cytotoxicity. ELK3 depletion increased 
secreted CXCL16 protein to recruit NK cells and resulted in improved NK cell cytotoxicity in TNBC cells.
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boost NK cell cytotoxicity in vitro and in vivo (Figure 6f). In 
silico analysis showed that high expression of ELK3 is asso-
ciated with low expression of CXCL16 in various breast cancer 
cell lines and human breast cancer patient samples. Breast 
cancer patients harboring low expression of ELK3 and high 
expression of CXCL16 had a better survival rate than others. 
These findings suggest that targeting ELK3 could improve NK 
cell therapy by promoting the recruitment of immune cells in 
TNBC.

Chemokines play an important role in regulating the migra-
tion of immune cells to the TME as promoters and suppressors of 
tumor progression via immune cell recruitment.44–46 The role of 
immune cell infiltration induced by chemokines in tumor regres-
sion remains controversial. CXCR3 and CXCR4 ligands induce 
the infiltration of NK cells and T cells into tumors.47–49 In addi-
tion, studies suggest that radiation-induced CXCL16 acts as 
a chemokine to attract NK cells and T cells in breast cancer.50,51 

In line with previous results, the present findings demonstrated 
that CXCL16-induced NK92MI and primary NK cell recruitment 
suppressed breast cancer progression in an in vivo system.

The results of this study indicate that ELK3 represses 
CXCL16 expression to confer immune-evasive properties in 
the MDA-MB231 and Hs578T cell lines. Considering that 
TNBC with high ELK3 expression has low reactivity to NK 
cells, and that ELK3 suppression renders cancer cells suscep-
tible to NK cells, ELK3 may regulate the immune response in 
breast cancer, including TNBCs with high expression of the 
ELK3 gene. However, the role of the ELK3-CXCL16 axis in the 
NK cell response was only examined in human TNBC in this 
study. Future studies should examine the function of this 
molecular axis in immune systems using syngeneic mouse 
TNBC models to gain a better understanding of the role of 
ELK3 in innate and adaptive immunity, and ultimately con-
tribute to improving the effect of immune therapies.

ELK3 transcriptionally regulates cell migration-related 
genes in various cancer types including breast 
cancer.25,28,29,52, In addition, ELK3 controls immune response- 
related genes including chemokines to modulate the immune 
response.32, Combined with the role of CXCL16 in the 
response to NK92MI and primary NK cells, ELK3 might play 
a pleiotropic role in regulating multiple genes involved in 
different biological processes, including cancer progression 
and immune responses. In this study, we suggested that ELK3 
indirectly regulated CXCL16 expression levels because ELK3 
was not binding on the promoter of CXCL16 gene. Further 
investigation of the molecular link between ELK3 and CXCL16 
will expand our understanding of ELK3-mediated immune 
responses in TNBC, which may support the efficacy of target-
ing ELK3 for improving immune therapeutic effects.
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