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ABSTRACT

Background Triple negative breast cancer (TNBC) is the
most lethal subtype of breast cancer due to its aggressive
behavior and frequent development of resistance to
chemotherapy. Although natural killer (NK) cell-based
immunotherapy is a promising strategy for overcoming
barriers to cancer treatment, the therapeutic efficacy

of NK cells against TNBC is below expectations. E26
transformation-specific transcription factor ELK3 (ELK3)
is highly expressed in TNBCs and functions as a master
regulator of the epithelial-mesenchymal transition.
Methods Two representative human TNBC cell lines,
MDA-MB231 and Hs578T, were exposed to ELK3-targeting
shRNA or an ELK3-expressing plasmid to modulate ELK3
expression. The downstream target genes of ELK3 were
identified using a combined approach comprising gene
expression profiling and molecular analysis. The role

of ELK3 in determining the immunosensitivity of TNBC

to NK cells was investigated in terms of mitochondrial
fission—fusion transition and reactive oxygen species
concentration both in vitro and in vivo.

Results ELK3-dependent mitochondrial fission—fusion
status was linked to the mitochondrial superoxide
concentration in TNBCs and was a main determinant

of NK cell-mediated immune responses. We identified
mitochondrial dynamics proteins of 51 (Mid51), a major
mediator of mitochondrial fission, as a direct downstream
target of ELK3 in TNBCs. Also, we demonstrated that
expression of ELK3 correlated inversely with that of Mid51,
and that the ELK3-Mid51 axis is associated directly with
the status of mitochondrial dynamics. METABRIC analysis
revealed that the ELK3-Mid51 axis has a direct effect on
the immune score and survival of patients with TNBC.
Conclusions Taken together, the data suggest that NK cell
responses to TNBC are linked directly to ELK3 expression
levels, shedding new light on strategies to improve the
efficacy of NK cell-based immunotherapy of TNBC.

BACKGROUND

The clinical success of autologous chimeric
antigen receptor (CAR) T cells in patients
with lymphoma and leukemia has raised
considerable interest in the use of immune
cells for cancer immunotherapy.' Along with
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= E26 transformation-specific transcription factor
ELK3 (ELK3) functions as a master regulator of
epithelial-mesenchymal transition to promote can-
cer metastasis.

WHAT THIS STUDY ADDS

= ELKS3 regulates mitochondrial dynamics, which are
linked directly to natural killer cell mediated immune
responses against triple negative breast cancers.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Targeting ELK3 in triple negative breast cancers
may increase the immunotherapeutic efficacy of
natural Killer cells.

T cells, natural killer (NK) cells are major
immune effectors that eliminate cancer cells.
Due to their potent cytotoxic activity, ability
to target cells in an antigen-unrestricted
manner, suitability for generation of an allo-
genic ‘off the shelf” product, and low risk of
toxic side effects (eg, cytokine storm), NK
cells are an alternative that might circumvent
some of the limitations of CAR T cells.*™

In patients with cancer, reduced NK cell
activity and low infiltration of NK cells into
tumor tissues are associated with a worse
outcome.” ® Although infusion of activated
allogenic or autologous NK cells into patients
with myeloid malignancies shows some
encouraging clinical results,” the infused
NK cells show limited therapeutic efficacy,
especially against solid tumors.”*® ¥ Thus,
both immune-oncologists and clinicians are
seeking to induce immunosensitization of
solid tumors to maximize the therapeutic effi-
cacy of NK cells.

Mitochondria are multifunctional organ-
elles whose activity is associated with various
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cellular processes, including ATP production via oxida-
tive phosphorylation, calcium homeostasis, reduction-
oxidation balance, and induction of programmed cell
death."” Mitochondria exist in a dynamic state; homeo-
stasis is maintained by striking a balance between fusion
and fission in response to the intracellular and extracel-
lular microenvironments."" Production of reactive oxygen
species (ROS) is one of the major physiological processes
implicated in mitochondrial dynamics.'”” Mitochondrial
fission increases ROS production, and a genetic shiftin the
mitochondrial balance toward fusion reduces intracellular
ROS levels."” '* Eventually, accumulated ROS create a posi-
tive feedback loop that regulates mitochondrial dynamics
via mitochondrial fusion—fission proteins.'” '® Mitochon-
drial dynamics depend on the activity of dynamin-related
GTPase Drpl (DNMIL), and mitochondrial adaptors
such as mitochondrial dynamics proteins of 49 and 51 kDa
(Mid49 and Mid51).17_19 Recent studies demonstrated
that Mid51 plays pivotal roles in cancer initiation, progres-
sion, metastatic chemotherapy resistance, and poor prog-
nosis.”*** Although Yap-JNK axis, Yap-Hippo axis, and
TAZ are known regulators of Mid51 expression in various
cancers, including thyroid carcinoma, colorectal cancer,
and lung cancer,®* the transcription factors that directly
bind to the Mid51 promoter to regulate its activity have
not yet been identified.

E26 transformation-specific transcription factor ELK3
(ELKS3) is a ternary complex factor subfamily E26 transfor-
mation specific (ETS) protein characterized by its ability
to form a ternary nucleoprotein complex with the serum
response factor on the serum response element present in
the c-fos promoter.** ELK3 functions as a transcriptional
repressor that, when phosphorylated, is transformed into
a transcriptional activator, leading to vascular endothelial
growth factor (VEGF) production and angiogenesis.”
ELKS3 plays a pivotal role in the tumorigenesis of various
cancers.”! In squamous cell carcinomas, for example,
ELK3 drives malignancy by regulating the chromatin
landscape.” In triple negative breast cancers (TNBCs),
ELK3 functions as a master regulator of metastasis by
modulating the expression of cancer-associated genes
such as VEGFC, GATA3, and E-cadherin.? Recently,
several studies demonstrated that ELK3 in immune cells,
such as macrophages and NK cells, is also involved in the
phagocytic or cytotoxic activity of these cells.”*** Despite
numerous investigations into the involvement of ELK3
in biological processes, it is currently unknown whether
ELK3 expression in cancer is linked to the therapeutic
efficacy of immunological treatments.

Previously, we reported that tumors in BALB/c nude
mice induced by injection of MDA-MB231 cells with
stable knockdown (KD) of ELLK3 with shRNA (ELK3KD-
231 cells) were significantly smaller than tumors in mice
induced by injection with MDA-MB231 control cells,
despite the fact that ELK3KD-231 cells had increased in
vitro proliferation.?’

In this study, based on the hypothesis that murine NK
cellsin BALB/c nude mice inhibit the tumor development

of ELK3KD-231 cells, we show that the level of ELK3
expression in two representative TNBC lines, MDA-
MB231 and Hsb578T, affects mitochondrial dynamics,
resulting in an altered immunological response of these
cancers to NK cells. We demonstrate that ELK3 functions
as a transcriptional repressor of Mid51, the expression of
which is associated directly with mitochondrial fission—
fusion and the mitochondrial superoxide concentration
in TNBCs. Using molecular and biochemical approaches,
we confirmed that the ELK3-Midb1 axis is a major deter-
minant of TNBC immunological responses to NK cells.
The data presented herein show that targeting ELK3 in
TNBCs can increase the immunotherapeutic efficacy of
NK cells.

METHODS

Animal studies

Mice were housed four to five per cage in a semispecific
pathogen-free animal facility with controlled tempera-
ture and humidity at CHA University (Seongnam-si,
Republic of Korea). Briefly, 6-week-old female NSG
(NOD-prkdescid™" 11-2rg®™) mice were purchased from
JA bio (Gyeonggi-do, Republic of Korea). After 1 week of
acclimatization, the breast cancer orthotopic model was
established by inoculating the mice with breast cancer
cell lines engineered to express green fluorescence
protein and luciferase. MDA-MB231 control, ELK3KD-
231, and ELK3KD-231R (restoration of ELK3 expression
in ELK3KD-231) cells (5x10°) were mixed with matrigel
(BD Biosciences; dulbecco's phosphate-buffered saline
(DPBS) /Matrigel ratio=1) and implanted into the fourth
mammary fat pad of each mouse (231 control, n=9;
ELK3KD-231, n=9; and ELK3KD-231R, n=8; total n=26).
When the tumor volume reached 50-100 mmg, mice
were grouped in a Z-shape arrangement depending on
tumor size to compare susceptibility of each cancer cell
to NK cells. Then, 1x10’ NK92MI cells or DPBS were
injected intratumorally two times per week for 3 weeks
(231 control injected by DPBS, n=4; 231 control injected
by NK92MI, n=5; ELK3KD-231 injected by DPBS, n=4;
ELK3KD-231 injected by NK92MI, n=5; ELK3KD-231R
injected by DPBS, n=4; and ELK3KD-231R injected by
NK92MI, n=4; total n=26). Tumor size was measured using
a vernier caliper two times per week, and the volume was
calculated using the following formula: V (mm?)=0.52 x
(tumor length) x (tumor width)? Tumor-bearing mice
were sacrificed by CO, inhalation in a CO, chamber on
Day 20 postadministration, and tumors were excised for
further analysis.

Cell culture

The human breast cancer cell lines MDA-MB231 and
Hs578T, and the NK cell line NK92MI, were purchased
from the American Type Culture Collection (Manassas,
Virginia, USA). MDA-MB231 cells were cultured in
Dulbecco’s modified Eagle’s medium (Gibco, Grand
Island, New York, USA) supplemented with 10% fetal
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bovine serum and 1% penicillin—streptomycin (Gibco).
Hsb578T cells were cultured in Dulbecco’s modified
Eagle’s medium (Gibco) supplemented with 10% fetal
bovine (Gibco), 1% penicillin-streptomycin
(Gibco), and 0.0l mg/mL insulin (Sigma, St. Louis,
Missouri, USA). NK92MI cells were cultured in Minimum
Essential Medium alpha (Gibco) supplemented with
2mM L-glutamine (Gibco), 1% penicillin-streptomycin
(Gibco), 0.1mM 2-mercaptoethanol (Gibco), 0.02mM
folic acid (Sigma), 0.2mM inositol (Sigma), and 12.5%
fetal bovine serum. Primary NK cells were purified from
donor peripheral blood mononuclear cells and 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, 4mM GlutaMAX-I Supplement
(Gibco), 10ng/mL human interleukin-2 (PeproTech),
and 5ng/mL interleukin-15 (5ng/mL; PeproTech) for 2
weeks (14 days). All cells were incubated at 37°C and 5%
CcO

serum

9

KD systems and DNA constructs

Stable KD of ELK3 in MDA-MB231 and Hsb78T was estab-
lished by genetic engineering of these cells using retro-
viruses expressing shRNA targeting ELK3, as described
plreviously.27 Information about the plasmids and small
interfering RNAs (siRNAs) is provided in online supple-
mental table 1.

ROS scavenger and mitochondrial fission inhibitor

N-acetyl cysteine (NAC), an ROS scavenger, was purchased
from Sigma (Cat. A7250) and was used at a concentration
of 40mM to pretreat cancer cells at 37°C in a 5% CO,
atmosphere for 1hour prior to analysis. Mdivi-1, a small
mitochondrial division inhibitor molecule, was purchased
from Sigma (Cat. M0199) and used at a concentration of
40 M to pretreat cancer cells at 37°C in a 5% CO, atmo-
sphere for 24 hours prior to analysis.

NK cell-mediated cytotoxicity assay

To analyze the NK cell-mediated cytotoxicity, the activity
of extracellular proteases released by dead cell was
measured in a CytoTOX-Glo cytotoxicity assay (Promega,
Madison, Wisconsin, USA). Cancer cells were seeded into
white bottom 96-well plates (1x10° cells per well) and
co-cultured with NK92MI cells for 4 hours at the indicated
ratios (effector/target (E/T)=10:1, 5:1, 2.5:1, or 1.25:1),
after which protease activity was assayed using a luminom-
eter. Cytotoxicity was calculated using the manufacturer’s
recommended protocol.

To analyze NK-mediated cytotoxicity by flow cytom-
etry, NK cells were first stained with CellTrace CFSE or
farred (Invitrogen, Carlsbad, California, USA) and then
co-cultured with target cancer cells for 4hours at an E/T
ratio of 10:1 or b:1. Next, total cells were stained using
7-aminoactinomycin D (Thermo Fisher Scientific, Roch-
ester, New York, USA), and cell lysis was determined using

a CytoFLEX flow cytometer (Beckman Coulter, Indianap-
olis, Indiana, USA).

CD107a degranulation assay

To assess degranulation of NK cells, CellTrace CFSE
(Invitrogen)-labeled NK92MI cells were co-cultured with
target cells for the indicated times at an E:T ratio of 1:1.
After harvesting, co-cultured cells were stained with APC
mouse antthuman CD107a (BD Biosciences, San Jose,
California, USA) for 1hour at room temperature (RT)
and then analyzed using a CytoFLEX flow cytometer
(Beckman Coulter).

Apoptosis analysis

For Annexin V/PI staining, NK92MI cells stained with
CellTrace CFSE (Invitrogen) were co-cultured with target
cancer cells for 4hours at an E/T ratio of 10:1. Co-cul-
tured cells were stained with APC-Annexin V and PE-PI
(BioLegend, San Diego, California, USA) for 15min.
Apoptosis was measured using a CytoFLEX flow cytom-
eter (Beckman Coulter). To detect caspase activity, cancer
cells were plated in six-well plates (5x10° cells per well)
and then coincubated with NK92MI cells for 4 hours at
an E/T ratio of 1:1. Co-cultured cells were washed twice
with DPBS to remove NK92MI cells. Then, cancer cells
attached to the dish were harvested, and total protein was
extracted from the cancer cells for further immunoblot
analysis.

Imaging of live cell caspase-3/7 activity

MDA-MB231 and ELK3KD-231 cells were seeded into
96-well plates (2x10* cells per well) and co-cultured for
4hours with NK92MI cells labeled with CellTrace far-red
reagent (Invitrogen). Then, 5pM CellEvent caspase-3/7
green detection reagent (Invitrogen) was added to the
culture medium. After 2hours, fluorescence images of
caspase activity were obtained using the ImageXpress
Imaging System (Molecular Devices, San Jose, California,
USA).

Detection of ROS and measurement of mitochondrial
membrane potential (A¥m)

To detect intracellular ROS, cells were incubated with
20pM DCF-DA solution (Abcam, Cambridge, UK) for
30min at 37°C and then washed with DPBS. Mitochon-
drial superoxide activity was detected using fluorescent
MitoSOX (Invitrogen). Cells were incubated in complete
medium containing 5pM MitoSOX for 30min at 37°C
and then washed with DPBS. To measure the AWYm, cells
were incubated for 30 min at 37°C with 10 pg/mL of JC-1
(Invitrogen) and then washed with DPBS. Fluorescence
was assessed in a CytoFLEX flow cytometer (Beckman
Coulter).

RNA extraction and quantitative RT-PCR

Total RNA was extracted from cells using TRIzol (Invi-
trogen), and complementary DNA (cDNA) was synthe-
sized from 1 pg of total RNA using the LeGene Ist Strand
c¢DNA Synthesis System (LeGene Biosciences, San Diego,
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California, USA). Quantitative PCR was performed
using TOPreal qPCR 2X PreMIX (Enzynomics, Daejeon,
Chungnam, Republic of Korea) and the CFX Connect
Real-Time PCR Detection System (Bio-Rad, Hercules,
California, USA). The primers used in this study are listed
in online supplemental table 2.

Immunoblot analysis

Cells were mixed with cell lysis buffer (Cell Signaling)
containing a protease and phosphatase inhibitor cocktail
(Thermo Fisher Scientific) and then heated for 10 min
at 95°C. Cell lysates were resolved in sodium dodecyl
sulfate-polyacrylamide gels, and the separated proteins
were transferred to polyvinylidene difluoride membranes
(Bio-Rad). Membranes were blotted with the indicated
antibodies, and immunoreactivity was detected using the
enhanced chemiluminescence solution (Thermo Fisher
Scientific). The antibodies used in this study are listed in
supplementary online supplemental table 3.

Chromatin immunoprecipitation and quantitative chromatin
immunoprecipitation assays

Cells were fixed in 1% paraformaldehyde solution and
incubated for 15min at RT to cross-link proteins and
genomic DNA. Glycine was added to a final concentra-
tion of 125mM to quench the formaldehyde. After incu-
bating for 15 min at room temperature, cells were washed
with phosphate buffered saline and lysed with cell lysis
buffer (Cell Signaling) containing protease/phosphatase
inhibitors (Thermo Fisher Scientific). Cell lysates were
sonicated to fragment genomic DNA and then centri-
fuged at 15,000xg for 15min at 4°C. The supernatants
were mixed with protein A/G magnetic beads (Thermo
Fisher Scientific) and incubated with primary antibodies
overnight at 4°C. The complexes were washed sequen-
tially with Ixradioimmunoprecipitation assay (RIPA)
buffer, 1xRIPA buffer (300 mM NaCl), LiCl buffer, and
TE buffer. To separate the DNA-protein complexes, SDS
and proteinase K were added. Immunoprecipitated DNA
was purified using the phenol/chloroform extraction
method, prior to use in chromatin immunoprecipitation
(ChIP)-quantitative PCR. The amount of precipitated
chromatin was calculated as a percentage of the input
sample. All experiments were performed in triplicate.

Measurement of mitochondrial length

Cells were seeded in a 96-well black/clear bottom plate
(1x10* per well). Cells were incubated for 30 min at 37°C
with 1pM of MitoTracker Green (Invitrogen) and then
washed with DPBS. Cells stained with MitoTracker were
imaged under a fluorescence microscope (EVOS M5000
imaging system; Thermo Fisher Scientific). The length of
the mitochondria was measured by Image].

Transmission electron microscopy

Cancer cells were fixed with 2.5% glutaraldehyde at
4°C for 8hours and then fixed in 1% osmium tetroxide
for 1hour. After washing, samples were dehydrated by
sequential washes in 60%, 70%, 90%, 95%, and 100%

ethanol solutions, and embedded in epon resin. Then,
samples were cut into thin sections, and counterstained
with uranyl acetate and lead citrate. Images were acquired
under a transmission electron microscope (H-7600;
Hitachi, Tokyo, Japan).

RNA-sequencing and ChIP-sequencing analysis

For gene expression profiling, sequencing libraries were
prepared using the QuantSeq 3’'mRNA-Seq kit (Ebiogen,
Seoul, Republic of Korea). Gene expression patterns were
analyzed using ExXDEGA software (Excel Based Differen-
tially Expressed Gene Analysis, Ebiogen).

Library preparation for ChIP-sequencing (ChIP-seq)
was performed using the NEBNextUltraTM DNA Library
Prep Kit for Illumina (New England Biolabs, UK). Briefly,
the methylated DNA fragment was ligated using adaptors.
After purification, the ligated DNA-adapter and index
primer for multiplexing sequencing were used for the
PCR reaction. To remove all reaction components, the
library was purified on magnetic beads. The size of library
was assessed by an Agilent 2100 Bioanalyzer (Agilent
Technologies, Amstelveen, the Netherlands). High-
throughput sequencing was conducted by single-end 75
sequencing using NextSeq 500 (Illumina, USA). Prior to
aligning to the genome and transcriptome, the reads were
trimmed and aligned using Bowtie2. Bowtie2 indices were
generated from either genome assembly sequences or
representative transcript sequences. MACS (Model-based
Analysis of ChIP-Seq) was used to identify peaks from the
alignment file. Gene classification was based on searches
of the MEDLINE database. The RNA sequencing (RNA-
seq) and ChIP-seq data reported in this article have been
deposited in National Center for Biotechnology Informa-
tion (NCBI)’s Gene Expression Omnibus (GEO) (RNA-
seq; GSE197575 and ChIP-seq; GSE197572).

Luciferase assay

The Midb1 promoter sequence (-100 to 0) with either the
wild type or mutant ELK3 binding motif was synthesized
by Bioneer (Daejeon, Chungnam, Republic of Korea)
and cloned downstream of the SV40 promoter in the
pGL3-control plasmid. ELKSKD MDA-MB231 cells were
transfected with the indicated plasmids using Lipofect-
amine 2000 (Invitrogen). Transfected cells were harvested
48 hours after transfection and lysed using cell lysis buffer
(Cell Signaling). Luciferase activity was measured using
the Dual-Luciferase Reporter Assay System (Promega).
The values for firefly luciferase activity were normalized
to the respective values of Renilla luciferase activity.

Bioinformatics analysis of public breast cancer data sets

To assess the correlation between ELK3 and Mid51
expression in breast cancer cell lines, microarray data
were downloaded from the GEO database under access
codes GSE41313.%** For bioinformatics analysis of FLK3
and Mid51 expression in patients with TNBC, METABRIC
breast cancer data were downloaded from cBioPortal on
September 1, 2021.% Patients were filtered by selecting
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cases with ‘negative’ estrogen receptor status, ‘nega-
tive’ progesterone receptor status, a ‘claudin-low, basal’
PAMb0-subtype, and a cancer type described as ‘Breast
invasive ductal carcinoma’. By merging clinical data with
gene expression data, 236 TNBC cases were selected.
Kaplan-Meier analysis was performed to compare overall
survival and relapse-free survival according to the nega-
tive correlated expression levels of ELK3 and Mid51.
Patients with TNBC with ELK3 expression in the top 15%
and Mid51 expression in the bottom 15% were labeled
as ‘ELK3™8" and Mid51"™", while patients with TNBC
with ELK3 expression in the bottom 15% and Mid51
expression in the top 15% were labeled as ‘ELK3"*" and
Mid51"8" . All survival analyses were performed in R
V.4.1.1 (https://www.R-project.org) using the survminer
and survival R packages.”® For NK score analysis, the
deconvolute function of immunedeconv R package was
used with the following parameters: method = ‘quan-
tiseq’; arrays=T0."

Statistical analysis

Statistical analyses were performed using GraphPad Prism
V.7.0 software (GraphPad Software, La Jolla, California,
USA). The statistical significance of differences was deter-
mined by an unpaired Student’s t-test. The results of the
in vivo tumor growth study were analyzed using two-way
analysis of variance. Graphical data are presented as the
mean+SD from at least three independent experiments,
each with triplicate samples. Pearson’s correlation analysis
was used to evaluate the correlation between expression
of ELK3 and Mid51. Survival curves were generated using
the Kaplan-Meier method, and differences were assessed
using the log-rank test. P values<0.05 were considered
statistically significant.

RESULTS

Suppressing ELK3 restores susceptibility of TNBC cells to NK
cells

Previously, we reported that tumors in BALB/c nude
mice after stable KD of ELK3 with shRNA in MDA-
MB231 cells (ELK3KD-231cells) are significantly smaller
than control MDA-MB231 tumors, despite the fact that
ELK3KD-231 cells showed increased proliferation in
vitro.?” Since murine NK cells are active in BALB/c nude
mice,” * we questioned whether NK cell depletion in
BALB/c nude mice might affect the tumor development
of MDA-MB231. As shown in online supplemental figure
S1, ELK3KD-231 formed larger tumors in BALB/c nude
mice when NK cells were depleted by continuous injec-
tion of anti-asialo-GM1 antibody into the mice. Based
on these findings, we hypothesized that development of
ELK3KD-231 tumors was inhibited by murine NK cells.
Thus, we investigated whether the level of ELK3 expres-
sion in two representative human TNBC lines, MDA-
MB231 and Hs578T, influences in vitro antitumor NK cell
responses. As shown in figure 1A, the number of lysed cells
of ELKSKD Hs578T (ELK3KD-578T) and ELK3KD-231

cells was significantly higher than that in control cells
at all E:T ratios tested. In co-cultures of ELK3KD-231
and ELK3KD-578T cells, the frequency of degranulated
CD107a" NK92MI cells was greater than that of control
cells (figure 1B). Primary NK cells, like NK92MI cells,
caused ELK3KD-231 and ELK3KD-578T cells to lyse up to
1.5-fold more than control cells (figure 1C).

When ELK3KD-231 or control MDA-MB231 cells were
engrafted into NSG mice, which lack NK cells, T cells, and
B cells, the resulting ELK3KD-231 tumors were markedly
larger than control tumors; also, intratumoral injection
of NK92MI significantly impaired the development of
ELK3KD-231 tumors (data not shown).

Since the mechanism underlying NK cell-mediated
killing of target cells comprises a mixture of necrosis and
caspase-dependent apoptosis,* we next asked which type
of cell death is associated with the enhanced response
of ELK3KD TNBCs to NK cells. Annexin V/PI staining
revealed that the rapid lysis of ELK3KD-231 cells medi-
ated by NK92MI cells was mainly attributable to induction
of late apoptosis (Annexin V'/PI") (figure 1D). Immu-
noblot analysis of cleaved caspase-3 and -9 supported the
rapid activation of apoptosis in ELK3KD-231 exposed to
NK92MI cells (figure 1E). Time-lapse monitoring of a fluo-
rescent indicator of caspase-3/7 activity further revealed
rapid activation of caspase-3/7 in ELK3KD-231 cells
following coincubation with NK92MI cells (figure 1F).
Consistent with this, genome-wide expression profiling
and qRT-PCR analysis showed that expression of prosur-
vival and proapoptosis genes was disrupted markedly in
ELK3KD-231 and ELK3KD-578T cells (online supple-
mental figure S2). Considering that the susceptibility of
cancer cells to apoptotic stimuli is affected by the balance
between pro- and antiapoptotic proteins,*’ these results
suggest that knocking down ELK3 reprograms TNBCs to
become more sensitive to external apoptotic stress.

Mitochondrial fission-mediated superoxide accumulation
increases susceptibility of ELK3-suppressed TNBCs to NK
cells

Previously, we reported that ELK3KD-231 cells prolifer-
ated faster than control cells in vitro.”” Because tumor cell
proliferation is linked to intracellular ROS production,*
we next examined cytoplasmic ROS levels in ELK3KD
TNBCs. As expected, intracellular ROS accumulation was
significantly higher in ELK3KD-231 and ELK3KD-578T
cells than in control cells (figure 2A).

Based on a report that cytotoxic lymphocytes induce
target cell death by triggering ROS-dependent apop-
tosis,” we hypothesized that elevated cytoplasmic ROS
levels would increase the vulnerability of ELK3KD TNBCs
to NK cells. Indeed, the sensitivity of ELK3KD-231 and
ELK3KD-578T to NK92MI cells was reduced, similar to
that of control cells, in the presence of NAC, which scav-
enges intracellular ROS (online supplemental figure
S3A, figure 2B). Consistently, the degree of NK92MI-
mediated cleavage of caspase-3 and caspase-9 in ELK3KD-
231 and ELK3KD-578T cells treated with NAC was lower
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Figure 1 Suppression of ELK3 reprograms triple negative breast cancer cells to be susceptible to NK cells. (A) A CytoTOX-
Glo assay was performed to quantify lysis of ELKBKD-231 and ELK3KD-578T cells incubated with NK92MI for 4 hours at

the indicated E/T ratios (NK92MI cells/target cells). (B) Degranulation of NK92MI cells co-cultured with ELK3KD-231 and
ELK3KD-578T cells for the indicated times. The E/T ratio in this experiment was 1. (C) Far-red-7AAD assay to quantify lysis of
ELK3KD-231 and ELK3KD-578T cells incubated with primary NK cells for 4 hours at an E/T ratio of 5 (NK92MI cells/target cells).
(D) Comparison of early and late apoptosis of MDA-MB231 and ELK3KD-231 cells incubated with NK92MI for 4 hours at an
E/T ratio of 10:1. Apoptosis was evaluated by Annexin V/PI staining (Annexin V7/PI*, necrosis; Annexin V*/PI”, early apoptosis;
Annexin V*/PI*, late apoptosis). (E) Immunoblot analysis of cleaved caspase-3 and caspase-9 expression in MDA-MB231 and
ELK3KD-231 cells incubated with NK92MI for 4 hours at an E/T ratio of 1:1. GAPDH was used as a loading control. The band
intensities on the immunoblot were measured using Imaged, and the results are displayed beneath the blot . (F) (left) Real-time
detection of caspase-3/7 activity in MDA-MB231 and ELK3KD-231 cells incubated with NK92MI for the indicated times at an
E/T ratio of 2:1. (right) The number of green cancer cells expressing active caspase-3/7 activity was counted at the indicated
times. Control=wildtype MDA-MB231 or Hs578T cells; ELKBKD=ELK3KD-231 or ELK3KD-578T cells. Scale bar, 200 um. All
of experiments were performed in triplicate. P values were calculated by a two-tailed Student’s t-test ((A)—(D) and (F)). Data
represent the mean+SD. *, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001. ELKS3, transcription factor; E:T, effector:target; NK,
natural killer; ns, non-significant; 7-AAD, 7-aminoactinomycin D.
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Figure 2 Mitochondrial fission-mediated superoxide accumulation increases susceptibility of ELK3-suppressed TNBCs to
NK cells. (A) (upper) Representative images of DCF-DA staining of intracellular reactive oxygen species (ROS) levels in the
MDA-MB231 control and ELK3KD-231 cells. Scale bar, 100 pm. (lower) Quantification of the results of DCF-DA staining of
intracellular ROS of the indicated cells through flow cytometry. (B) CFSE-7AAD assay to quantify lysis of ELK3KD-231 and
ELKBKD-578T cells incubated with NK92MI for 4 hours at an E:T ratio 10:1 in the presence or absence of the ROS scavenger
N-acetyl-L-cysteine (NAC). (C) Immunoblot analysis of cleaved caspase-3 and caspase-9 levels in target cells incubated

with NK92MI in the presence or absence of NAC for 4hours at an E/T ratio of 1:1. Quantification of cleaved caspase-3 and
caspase-9 was performed using Imaged. The data are shown under the blot. (D) (left) Histogram and (right) quantification of
the results of MitoSOX staining of mitochondrial superoxide of the indicated cells through flow cytometry. (E) JC-1 staining of
mitochondrial membrane potential in control and ELK3KD cells. (F) Immunoblot analysis of phosphorylated DRP1 (S616) and
total DRP1 expression in ELK3KD-231 and ELK3KD-578T cells. Quantification of protein expression was performed by Imaged,
and the data are presented under the blot. (G) Imaging of mitochondrial morphology by MitoTracker staining of indicated
control, ELK3KD, and ELK3KD cells treated with a mitochondrial fission inhibitor, Mdivi-1. Average length of mitochondria

per cell was measured in 25 cells per group. The data are presented as a graph. Scale bar, 10pum. (H) Measurement of
mitochondrial superoxide levels in control, ELK3KD, and ELK3KD cells treated with Mdivi-1. () CFSE-7AAD assay to quantify
lysis of control, ELK3KD, and ELK3KD cells treated with Mdivi-1 and incubated with NK92MI for 4 hours at an E:T ratio of
10:1. Control=wildtype MDA-MB231 or Hs578T cells; ELKBKD=ELK3KD-231 or ELK3KD-578T cells. P values were calculated
by a two-tailed Student’s t-test ((A), (B), (D), (E) and (G)—(l)). Data represent the mean=SD. All experiments were performed in
triplicate. *, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001. ELKS, transcription factor; E:T, effector:target; NK, natural killer; ns,
non-significant; TNBC, triple negative breast cancer; 7-AAD, 7-aminoactinomycin D; CFSE, carboxyfluorescein succinimidyl
ester; DCF-DA; 2',7'-dichlorodihydrofluorescein diacetate.

than that of the NAC-untreated group (figure 2C). ROS in ELK3-suppressed TNBCs is derived mainly from
These results indicate that high levels of intracellular =~ mitochondria, rather than lipids (figure 2D, online
ROS in ELK3KD TNBCs sensitize cells to the cytotoxic supplemental figure S3B, C). The decreased mitochon-
effects of NK cells. Next, we confirmed that accumulated drial membrane potential (A%¥m) in ELK3KD-231 and
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ELK3KD-578T cells indicates that excessive ROS are
associated with mitochondrial status (figure 2E, online
supplemental figure S3D). To understand the mechanism
underlying the low A¥Ym and high mitochondrial super-
oxide levels in ELK3KD-231 and ELKSKD-578T cells, we
noted that mitochondrial morphology and function are
linked, and that mitochondrial fragmentation affects
A¥m as well as mitochondrial ROS generation."” ** Since
mitochondria are in a constant state of fusion and fission,
and exist either as a fused tubular network or in a frag-
mented state depending on the cellular state,” we next
examined whether ELK3 suppression affected mitochon-
drial dynamics in MDA-MB231 and Hs578T cells.

As shown in figure 2F, the amount of total and phos-
phorylated DRP1 (S616), which mediates mitochondrial
fission, increased in ELK3-suppressed TNBCs. Consistent
with this, we found that mitochondria in ELK3KD-231 and
ELK3KD-578T cells were significantly shorter than those
in control cells, and that treatment with mdivi-1 (mito-
chondrial fission inhibitor 1) restored the length of the
mitochondria to control levels (figure 2G). In the pres-
ence of mdivi-1, the increased mitochondrial superoxide
levels in ELK3KD TNBCs were also attenuated to control
levels (figure 2H, online supplemental figure S3E).
Consistent with this, treatment with mdivi-1 reduced the
susceptibility of ELK3KD-231 and ELK3KD-578T cells to
NK cell-mediated cytotoxicity (figure 2I). Taken together,
the data suggest that the imbalance between fusion and
fission dynamics (ie, elevated fission activity) generates
mitochondrial superoxide, and makes ELK3KD-231 and
ELK3KD-578T more susceptible to NK cells.

Restoration of ELK3 expression reverses the
immunosensitivity of ELK3-suppressed TNBCs

To demonstrate that ELK3 actively regulates mitochon-
drial dynamics and the responses of TNBCs to NK cells,
we transiently rescued ELK3 expression in ELK3KD-231
and ELK3KD-578T cells (figure 3A) and then exam-
ined the effects on NK responses. As shown in figure 3B,
ELK3 restoration in ELK3KD-231 and ELK3KD-578T
cells resulted in greater resistance to NK92MI. In line
with this, elevated levels of mitochondrial superoxide in
ELK3KD-231 and ELK3KD-578T cells fell back to control
levels (figure 3C). Electron microscopy observations of
mitochondria in MDA-MB231 cells further confirmed
that mitochondrial length, which was short in ELK3KD-
231 cells, was significantly elongated by restoration of
ELK3 expression (figure 3D). These data suggest that
ELK3 expression level is associated with mitochondrial
dynamics.

To verify that ELK3 also determines the immunosensi-
tivity of TNBCs to NK cells in vivo, we engineered ELK3KD-
231 cells to be rescued by ELK3 expression in a stable
manner (ELK3KD-231R) (online supplemental figure
S4A, B). Then, we established an orthotopic mammary
fat pad mouse model by grafting control, ELK3KD-
231, and ELK3KD-231R cells into NSG mice, followed
by injection of NK92MI cells directly into the tumors

(figure 3E). The body weights of the control, ELK3KD-
231, and ELK3KD-231R mice did not change appreciably
after administration of DPBS or NK92MI (online supple-
mental figure S4C). Despite the fact that ELK3KD-231
cells generated larger tumors than those of the control
or ELK3KD-231R cells, the growth of ELK3KD-231 cell
tumors was greatly decreased by the injection of NK92MI,
in contrast to tumors of control or ELK3KD-231R cells,
whose growth was not altered by the injection of NK92MI
(figure 3F-3H).

Immunohistochemical staining of cleaved caspase-3 in
tumors excised from each group supported the notion
that apoptosis of tumor cells was severe only in ELK3KD-
231 tumors after NK92MI treatment (figure 3I). Consis-
tent with the in vitro result (figure 3C), figure 3] shows
that the amount of mitochondrial superoxide accumu-
lated in ELK3KD-231 tumors was significantly higher
than that in ELK3KD-231R tumors. These data indicate
that ELK3 expression levels determine mitochondrial
dynamics in TNBCs, which are linked directly to mito-
chondrial superoxide generation and immune sensitivity
to NK cells, both in vitro and in vivo.

ELK3 functions as a transcriptional repressor of Mid51 in
TNBCs, and the ELK3-Mid51 axis determines tumor cell
responses to NK cells

Next, we employed genome-wide ChIP-seq and RNA-seq
analysis of MDA-MB231, ELK3KD-231, and ELK3KD-
231R cells to screen downstream targets of ELK3. Among
5002 potential targets of ELK3 identified by ChIP-seq
analysis, 287 were sorted as mitochondria-related genes
by the MitoCarta database (online supplemental figure
S5A). Combined gene ontology analysis of the RNA-
seq results for the 287 genes identified 6 genes (BNIP3,
PINKI1, DNMIL, Mid51, MULI, and FIS1) encoding posi-
tive regulators of mitochondrial fission (online supple-
mental figure S5B). Considering that suppression of
ELK3 results in mitochondrial fission, we would expect
that ELK3 functions as a transcriptional repressor of posi-
tive regulators of mitochondrial fission in TNBC, and that
target gene expression correlates negatively with ELK3.
Four genes (DNMIL, Mid51, MULI, and FISI1) from the
RNA-seq analysis fit these criteria, and all have an ELK3
binding motif in the promoter region near the tran-
scription initiation site (+1) (online supplemental figure
S5B, C). Quantitative RT-PCR and immunoblot analysis
showed that enhanced expression of Mid51 and DNMI1L
in ELK3KD-231 and ELK3KD-578T was suppressed by
restoration of ELK3 expression (figure 4A and B). Never-
theless, although the ELK3 binding motif near the tran-
scription initiation site (+1) is conserved in the Midbl
promoter of human, murine, rat, and zebrafish, it is not
conserved in the DNMIL promoter (figure 4C). There-
fore, we focused on Midb1. Mid51 encodes a mitochon-
drial dynamics protein of 51kDa that functions as an
adaptor protein for dynamin-related protein 1 (Drp1)."
Recruitment of Drpl by Mid51 to the mitochondrial
outer membrane results in mitochondrial fission.*’
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Figure 3 Restoration of ELK3 reverses the sensitivity of ELK3-suppressed TNBCs to NK cells in vitro and in vivo.

(A) Quantitative RT-PCR analysis of ELK3 expression in control and ELK3KD TNBCs transfected for 48 hours with a control
plasmid or an ELK3-expressing plasmid. (B) Far-red-7AAD assay to quantify lysis of control and ELK3KD TNBCs transfected
for 48 hours with a control plasmid or an ELK3-expressing plasmid. NK92MI and target cells were co-cultured for 4 hours at
an E:T ratio of 10:1. (C) Measurement of mitochondrial superoxide in control and ELK3KD TNBCs transfected for 48 hours
with a control plasmid or an ELK3-expressing plasmid. (D) (left) Representative electron microscopic image of mitochondria
in control MDA-MB231, ELK3KD-231, and ELK3KD-231 cells transfected for 48 hours with an ELK3-expressing plasmid. The
average length of mitochondria per cell was measured in eight cells per group. (right) The data are presented as a graph.
Scale bar, 500 nm. (E) Experimental scheme. MDA-MB231, ELK3KD-231, and ELK3KD-231R cells, which were engineered
to express GFP and luciferase, were injected orthotopically into the mammary fat pad of NSG mice (5x10° cells per mouse).
After tumor size reached 50-100mm?®, NK92MI cells (1x107) or DPBS was injected intratumorally two times per week for 3
weeks (MDA-MB231 control injected by DPBS, n=4; MDA-MB231 control injected by NK92MI, n=5; ELK3KD-231 injected
by DPBS, n=4; ELK3KD-231 injected by NK92MI, n=5; ELK3KD-231R injected by DPBS, n=4; and ELK3KD-231R injected
by NK92Ml, n=4; total n=26). (F) Tumor growth curves from individual mice in each group bearing MDA-MB231 (Control),
ELK3KD-231, or ELK3KD-231R tumors treated with DPBS or NK92MI for the indicated times. (G) Average tumor growth
curves for mice bearing MDA-MB231 (Control), ELK3KD-231, or ELK3KD-231R tumors treated with DPBS or NK92MI for the
indicated times. The significance of differences between the DPBS and NK92MI-treated groups was calculated. (H) (upper)
Representative tumors from each group, and (lower) quantitation of average tumor weight at 20 days after administration

of DPBS or NK92MI. Scale bar, 1cm. (I) Representative images of the results of immunohistochemical analysis of cleaved
caspase-3 in sections of xenograft tumors of three mice per group. Scale bar, 100 um. (J) Mitochondrial superoxide levels

in sections of tumor xenografts. (left) Sections were stained and subjected to immunofluorescence analysis with MitoSOX
(right), and immunofluorescence was measured in sections of tumors of three mice per group using Imaged. Cancer cells
were labeled as a GFP. Scale bar, 50 um. All experiments were conducted in triplicate, and data represent the mean+SD. P

values were calculated by a two-tailed Student’s t-test ((A)-(D), (H), and (J)) or two-way analysis of variance (G). For the in vivo
experiments, four or five mice per group were used. *p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001. ELK3, transcription factor;
E:T, effector:target; GFP, green fluorescence protein; NK, natural killer; ns, non-significant; TNBC, triple negative breast cancer;
7-AAD, 7-aminoactinomycin D; DPBS, dulbecco's phosphate-buffered saline; RT, reverse transcription.
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Figure 4 ELKS is a transcriptional repressor of Mid51, and the ELK3-Mid51 axis determines the response of TNBCs to

NK cells. (A) Quantitative RT-PCR analysis of Mid51, DNM1L, FIS1, and MUL1 expression in control and ELK3KD TNBCs
transfected with a control plasmid or an ELK3-expressing plasmid. (B) Immunoblot analysis of Drp1 and Mid51 expression

by control and ELK3KD TNBCs transfected with a control plasmid or an ELK3-expressing plasmid. (C) Phylogenic sequence
comparison of the Mid51 and DNM1L proximal promoter regions from human, mice, rat, and zebrafish. The conserved ELK3
binding site is highlighted in yellow. (D) Luciferase assay of the pGL3 reporter plasmid harboring the Mid51 promoter region
(-2 kb to 0bp). The reporter plasmid, the control plasmid (Flag-CV), and the ELK3-expressing plasmid (Flag-ELK3) were
transfected into ELK3KD-231 cells as indicated. (E) (left) Schematic of the luciferase reporter plasmid harboring the promoter
region (-100 to Obp) of Mid51 downstream of the SV40 promoter from the pGL3-control plasmid. ELK3 binding sequences (in
red) were mutated as described to produce M1, M2, and M3. (right) Luciferase activity of the fused promoter in ELK3KD-231
cells cotransfected with the indicated reporter plasmid in the presence or absence of an ELK3-expressing plasmid. (F) ChIP-
gPCR analysis of ELK3 binding to the Mid51 promoter. Flag-ELK3-expressing plasmid was transfected into ELK3KD-231
cells, and Flag-immunoprecipitates were subjected to gPCR using primers specific for the Mid51 promoter region (-116 to

24 bp). (G) Immunoblot analysis of Mid51 in control and ELK3KD TNBCs transfected with a non-specific or Mid51-targeting
siRNA. Band intensities on the immunoblot were measured by Imaged, and the results are displayed beneath the blot.

(H) Measurement of mitochondrial superoxide in control and ELK3KD TNBCs transfected with a non-specific or Mid51-targeting
siRNA. (I) CFSE-7AAD assay to quantify lysis of control and ELK3KD TNBCs transfected with a non-specific or Mid51-targeting
siRNA. NK92MI and target cells were co-cultured for 4 hours at an E:T ratio of 10:1. All assays were performed in triplicate.

P values were calculated by a two-tailed Student’s t-test ((A), (D)-(F), (H), and (l)). Data represent the mean+SD. *, p<0.05;

**, p<0.01; **, p<0.001; ****, p<0.0001. ChIP, chromatin immunoprecipitation; ELK3, transcription factor; E:T, effector:target;
Mid51, mitochondrial dynamics proteins of 51; NK, natural killer; ns, non-significant; gqPCR, quantitative PCR; TNBC, triple
negative breast cancer; 7-AAD, 7-aminoactinomycin D; siRNA, small interfering RNA; RT, reverse transcription; CFSE,
Carboxyfluorescein succinimidyl ester.
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To verify that Mid51 is a direct target of ELLK3, we next
employed a luciferase reporter assay using a cloned Midb1
promoter. As expected, activity of the Mid51 promoter in
ELK3KD-231 cells was repressed significantly by ELK3
(figure 4D). Because the ELK3 binding motif is close to
the transcription initiation site of the Midb1 promoter,
we questioned whether ELK3 represses transcription of
Mid51 via steric hindrance. We tested this possibility using
a pGL3 reporter plasmid harboring a 100 bp sequence of
the Mid51 promoter (which includes two ELK3 binding
sequences at —88 and -13 downstream of the SV40
promoter (figure 4E, left panel)). As expected, cotrans-
fection of the ELK3 plasmid led to a significant decrease
in luciferase expression from the reporter plasmid
harboring wild-type ELK3 binding sequences, but not
from that harboring mutated sequences (figure 4E, right
panel). The results of a ChIP assay further demonstrated
that ectopically expressed ELK3 bound directly to the
Mid51 promoter in ELK3KD-231 cells (figure 4F). Lastly,
we analyzed the effect of siRNA-mediated suppression of
Mid51 (siMidb51) on mitochondria status and immunosen-
sitivity of ELK3KD TNBCs. When siMid51 was transfected
into ELK3KD-231 and ELKSKD-578T cells, those cells
became less susceptible to NK cells, and mitochondrial
superoxide accumulation decreased (figure 4G-I). Elec-
tron microscopy of the dynamics of mitochondria showed
that the shortness of the mitochondria in ELK3KD-231
cells was significantly reduced when high expression
of Mid51 in ELK3KD-231 was suppressed with siMid51
(online supplemental figure S6A). Also, mitochondrial
membrane potential was rescued when ELK3KD-231
and ELK3KD-578T cells were transfected with siMid51
(online supplemental figure S6B). These results suggest
that ELK3 is a transcriptional repressor of Mid51, and
that the ELK3-Mid51 axis modulates TNBC responses to
NK cells by modulating mitochondrial dynamics and ROS
accumulation.

The ELK3-Mid51 axis plays a role in NK cell
immunosurveillance and in survival of patients with TNBC

To clarify the association between ELK3 expression and
Mid51, we performed a bioinformatics analysis of FLK3
and Mid51 expression patterns in breast cancer cell lines
and patient samples. As shown in figure bA, expression
of ELK3 correlated negatively with that of Mid51 in 23
TNBC cell lines (GSE41313). Likewise, analysis of 263
patients with TNBC from the METABRIC database
revealed that expression of ELK3 showed a weak but
statistically significant negative correlation with that of
Mid51 (figure 5B). In order to examine the relation-
ship between ELK3-Mid51 expression levels and patients
with TNBC survival outcomes, we classified patients with
TNBC in the METABRIC database into ELK3""-Mid51'™"
and ELK3"-Mid5 1" groups (High, patients with TNBC
with ELK3 or Mid51 expression in the top 15%; Low,
patients with TNBC with ELK3 or Mid51 expression in
the bottom 15%). Kaplan-Meier plots demonstrated that
patients with TNBC with ELK3"¢"-Mid51"" expression

had significantly shorter 10-year overall survival and
relapse-free survival than ELK3*-Mid51"" patients
(figure 5C). Furthermore, the immune score (repre-
senting the number of NK cells in breast tumors) indi-
cated that ELK3*"-Mid51"®" tumors had higher numbers
of infiltrating NK cells than did ELK3""-Mid5 ' tumors
(figure 5D). Taken together, these results demonstrate
that the ELK3-Mid51 axis is associated with responses
of TNBC tumor cells to NK cells, as well as with survival
outcomes.

DISCUSSION

Here, we show that Mid51 is a direct downstream target
of ELK3, and that the ELK3-Midbl axis determines
the response of TNBCs to NK cells by regulating mito-
chondrial dynamics. Mitochondrial quality control is
a dynamic flux of mitochondrial division (fission) and
assembly (fusion), which allows for degradation or repair
of dysfunctional elements. A qualified mitochondrial
pool is necessary for all steps of TNBC development,
including malignant transformation, cancer progression,
migration, and resistance to chemotherapy.47 For this
reason, mitochondrial dynamics, or the genes involved
in this process, have been increasingly recognized as new
therapeutic targets for TNBC.*® From this perspective,
our results provide insight into the development of novel
therapeutic strategies and treatment landscapes for the
management of TNBC.

It has previously been reported that killer lymphocyte
granzyme B induces superoxide in target cells by directly
inducing mitochondrial complex-1 dysfunction, which is
required for the onset of apoptosis.*’** Given that cancer
cells require a certain level of ROS to initiate apoptosis,
mitochondrial fission-mediated ROS generation in
ELK3KD TNBCs may have rendered these cells vulner-
able to NK cells.

Combining the results of our previous report with those
presented herein suggests that ELK3 is a master regulator
of two main characteristics of TNBCs: metastasis® and
responses to NK cells. Although we demonstrated that
ELK3-Mid51 axis-mediated modulation of mitochondrial
dynamics is linked directly to TNBC responses to NK cells,
it remains to be clarified whether this axis also functions
as a control tower for epithelial-mesenchymal transition
(EMT) and metastasis of TNBC. According to our data,
ELK3-suppressed TNBCs are less metastatic and more
sensitive to NK cell-mediated cytotoxicity. Therefore,
we do not rule out the possibility that the ELK3-Mid51
axis is also linked to the metastatic phenotype of these
cells. However, there are several contradictory reports
about the immune responses of mesenchymal cancer
cells. For example, EMT renders cancer cells more sensi-
tive to NK-mediated cytotoxicity by modulating expres-
sion of activating and inhibitory ligands.”" In addition,
myocardin-related transcription factors, which promote
metastatic invasion of melanoma and breast cancer
cells, sensitize cancer cells to cytotoxic lymphocytes by
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Figure 5 The ELK3-Mid51 axis plays a role in immunosurveillance by NK cells in patients with TNBC. (A) Heat map (left)
and correlation graph (right) of ELK3 and Mid517 messenger RNA expression in 23 TNBC cell lines for which whole genome
expression profiles were obtained from public microarray data sets (GSE41313). (B) Correlation between ELK3 and Mid51
expression levels in 236 patients with TNBC for whom whole genome expression profiles were obtained from METABRIC.
(C) Kaplan-Meier analysis of overall survival and relapse-free survival of ELK3°"-Mid51"" and ELK3""-Mid51"°" patients with
TNBC. Patients with TNBC with ELK3 expression in the bottom 15% and Mid51 expression in the top 15% were labeled as
‘ELK3"" and Mid51"9"" (n=13), while patients with TNBC with ELK3 expression in the top 15% and Mid51 expression in the
bottom 15% were labeled as ‘ELK3™" and Mid51"" (n=5). (D) NK cell scores for ELK3°"-Mid51"" and ELK3""-Mid51""
patients with TNBC. Statistical significance in (A) and (B) was calculated based on Pearson’s correlation coefficient. The p
values in (C) and the box plots (D) were calculated by the log-rank test and Welch’s t-test, respectively. ELK3, transcription
factor; Mid51, mitochondrial dynamics proteins of 51; NK, natural killer; TNBC, triple negative breast cancer.

increasing their rigidity.”® Since ELK3 KD TNBCs show
epithelial cell-like morphology and fewer metastatic char-
acteristics,?’ it is not clear to us how epithelial-like cancer
cells showed highly sensitive responses to NK cells both in
vitro and in vivo.

One possible explanation is that the ELK3-Midb1 axis
links to metastasis of TNBCs by adjusting the delicate
balance between mitochondrial fission and fusion in
TNBCs. It is plausible that there is an optimal window of
ELK3 expression, which renders TNBCs more metastatic
and less immunogenic at the same time. Considering that
mitochondrial fission is linked directly to increased ROS
formation, we can estimate that there is an appropriate
range of mitochondrial fission status and ROS levels that
favor metastasis of TNBC; therefore, excessive mitochon-
drial fission and ROS production might make cells more

vulnerable to the various stresses that induce apoptotic
cell death. This idea is supported by the fact that mito-
chondrial fission status is critical for determining the
metastatic fate and apoptosis of TNBCs. During the early
stages of TNBC development, high mitochondrial ROS
levels increase metastatic potentia1,53 whereas excessive
ROS production causes cell damage and subsequent
initiation of apoptosis.”* The concept of an appropriate
level or window of mitochondrial fission might be further
supported by controversial reports about the role of mito-
chondrial dynamics in metastasis of TNBCs. For example,
increased mitochondrial fission in clinical samples of
TNBCs correlates with poor survival of patients with
TNBGC,” and highly metastatic hepatocellular carcinoma
displays excessive mitochondrial fission.”® By contrast,
enforcing mitochondrial fission through genetic or
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chemical approaches suppresses metastasis in a TNBC
mouse model, and treatment with a potent chemical acti-
vator of mitochondrial fusion proteins overcomes these
suppressive phenotypes.” The first step toward clarifying
the roles of mitochondrial fission and ROS concentra-
tions in cancer immune responses and metastasis would
be to dissect existing data sets of human malignancies for
data related to mitochondrial dynamics, immunogenic
indices, and patient survival.

Another possibility is that FELK3-Mid5l-mediated
modulation of mitochondrial dynamics and subsequent
susceptibility to NK cells is not linked to the metastatic
phenotype of TNBCs. As a master regulator that orches-
trates metastasis of TNBCs, ELK3 regulates various genes,
including E-cadherin, SERPINEI, and GATA3, during
the initiation and execution of EMT and metastasis.”® > **
Considering that most of these genes are not implicated
in mitochondrial activity or dynamics, we cannot rule out
the possibility that ELK3 has a pleiotropic function in
TNBCs to regulate metastasis, mitochondrial dynamics,
and immune responses simultaneously, or that the pheno-
type of TNBCs is the result of fine tuning of expression of
ELK3 target genes. In line with this possibility, it would
be interesting to see whether metastatic mesenchymal
TNBCs expressing high levels of ELK3 are able to escape
immunosurveillance by NK cells in patients with cancer.

The survival of patients with TNBC treated with cyto-
toxic chemotherapies is often compromized by the
occurrence of chemoresistance and relapse of meta-
static tumors.” Therefore, identifying effective but non-
toxic therapeutic strategies is an urgent topic of TNBC
research. The extreme heterogeneity of TNBC, caused by
a high rate of mutations and severe genomic instability, is
a serious impediment to development of chemotherapy
regimens; however, paradoxically, such drawbacks make
patients with TNBC suitable candidates for immuno-
therapy.” ®!

CONCLUSIONS

In conclusion, our data strongly suggest that the
ELK3-Mid51 axis is a major determinant of immunosen-
sitivity of TNBCs to NK cells. We believe that these results
increase our understanding of the role of ELK3 in regu-
lating immune evasion, as well as EMT and metastasis,
of TNBCs. TNBC is the most aggressive breast cancer
subtype; therefore, efficient treatment is an unmet clin-
ical need. These data provide a promising strategy for
increasing the immunotherapeutic efficacy of NK cells
against these cancers.
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