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Abstract
Purpose MicroRNA-218 (miR-218) is a key regulator of numerous processes relevant to tumor progression. In the present 
study, we aimed to characterize the relationship between miR-218 and the Epidermal Growth Factor Receptor (EGFR) as 
well as to understand downstream effects in triple-negative breast cancer (TNBC).
Methods We assessed miR-218 and EGFR expression in cell lines and publicly available primary breast cancer gene 
expression data. We then overexpressed miR-218 in two TNBC cell lines and investigated effects on EGFR and downstream 
mitogen-activated protein (MAP) kinase signaling. Luciferase reporter assay was used to characterize a direct binding 
interaction between miR-218 and EGFR mRNA. Digital holographic microscopy helped investigate cell migration and dry 
mass after miR-218 overexpression. Cell division and invasion were assessed microscopically, while radiation response 
after miR-218 overexpression alone or combined with additional EGFR knockdown was investigated via clonogenic assays.
Results We found an inverse correlation between EGFR expression and miR-218 levels in cell lines and primary breast 
cancer tissues. MiR-218 overexpression resulted in a downregulation of EGFR via direct binding of the mRNA. Activation 
of EGFR and downstream p44/42 MAPK signaling were reduced after pre-miR-218 transfection. Cell proliferation, motility 
and invasiveness were inhibited whereas cell death and mitotic catastrophe were upregulated in miR-218 overexpressing 
cells compared to controls. MiR-218 overexpressing and EGFR siRNA-treated cells were sensitized to irradiation, more than 
miR-218 overexpressing cells alone.
Conclusion This study characterizes the antagonistic relationship between miR-218 and EGFR. It also demonstrates down-
stream functional effects of miR-218 overexpression, leading to anti-tumorigenic cellular changes.
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Background

MicroRNAs (miRNAs) belong to the non-coding class of 
short interfering RNAs. They are pivotal post-transcriptional 
gene expression regulators as they bind specific mRNA 
sequences, thus blocking translation. Hence, they orches-
trate a multitude of physiological and pathological processes 
(Ibrahim et al. 2014). Within this diverse class, some miR-
NAs have been identified to possess key regulatory functions 
in malignancies, including for chemo- (Frixa et al. 2015) and 
radioresistance (Troschel et al. 2018).

MiR-218 was found to play significant roles in tumo-
rigenesis and cancer progression both in vitro and in vivo 
(Lu et al. 2015). In different tumor entities, including breast 
cancer, a high expression of miR-218 in primary patient 
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tissues is associated with a good prognosis (Li et al. 2015a, 
b; Liu et al. 2015; Ahmadinejad et al. 2017). Subsequently, 
additional studies have been performed to further elucidate 
the tumor-suppressing capacity of miR-218 in breast cancer 
in vitro (Liu et al. 2016), yet research is ongoing.

The Epidermal Growth Factor Receptor (EGFR) has pre-
viously been identified to be directly regulated by miR-218 
in non-small cell lung cancer in vitro and in vivo (Zhu et al. 
2016) and glioblastoma in vitro (Mathew et al. 2015), and a 
subsequent study has been able to establish links to therapy 
resistance (Jin et al. 2020). However, a recent investigation 
suggested a co-expression of EGFR and miR-218 in breast 
cancer (Qian et al. 2021).

Given the high therapeutic relevance of EGFR-related 
pathways and the lack of understanding regarding the inter-
play of miR-218 and EGFR in breast cancer, we aimed to 
determine the relation between miR-218, EGFR and therapy 
resistance in breast cancer. Additionally, we set out to inves-
tigate additional miR-218 targets and to provide evidence 
for miR-218-mediated changes using digital holographic 
microscopy.

Methods

Cell culture

The human cell lines used in this study were obtained from 
LGC-Promochem/ATCC (Wesel, Germany). The hormone 
receptor positive cell line MCF-7 was cultivated in RPMI 
(Merck-Millipore, Darmstadt, Germany) medium supple-
mented with 10% FCS (Biochrome™, Merck, Darmstadt, 
Germany) and 1% Pen/Strep (Gibco™, ThermoFisher 
Scientific, Waltham, MA, USA), while the triple-negative 
cell lines SK-BR-3, MDA-MB-231, HCC1806, BT549 and 
MDA-MB-468 as well as the lung cancer cell line A549 and 
the keratinocyte cell line HaCaT were cultured in DMEM 
medium (Sigma, Merck-Millipore, Darmstadt, Germany) 
supplemented with 10% FCS and 1% Pen/Strep. The breast 
cancer cell line BT474 was cultured in RPMI under addi-
tion of 20% FCS and 1% Pen/Strep as well as 0.1% insu-
lin (Sigma, Merck-Millipore). MCF-10A, an immortalized 
breast epithelial cell line, was cultured in a 1:1 mixture of 
DMEM/F-12 (Merck-Millipore) supplemented with 5% 
horse serum, 1% Pen/Strep, 2 ng/mL EGF (Sigma, Merck-
Millipore), 0.5 mg/mL Hydrocortisone (Sigma), 100 ng/mL 
Cholera toxin (Sigma) and 10 µg/mL Insulin. The esopha-
geal cancer cell line K180 was cultured in RPMI 1640 
medium without phenol red containing 10% FCS, 1% Pen/
Strep and 25 mM HEPES. All cell lines were cultivated in a 
humidified atmosphere with 5%  CO2 at 37 °C and regularly 
tested negative for mycoplasmas (Mycoplasma PCR test kit, 
Cytecs, Münster, Germany).

Cell transfection

For transient transfection experiments, 100,000 cells were 
seeded in each well of a 6-well plate (Greiner, Solingen, Ger-
many) 24 h before treatment. Transfection was performed 
according to the manufacturer’s instructions by using 2µL 
 Lipofectamine® RNAiMAX (Invitrogen™, ThermoFisher 
Scientific) mixed in OptiMEM media (Gibco™) with addi-
tion of 2µL EGFR siRNA (10 pM) or pre-miR-218 (10 pM) 
or pre-miR negative control (10  pM) per well, respec-
tively. Twenty-four hours after transfection, OptiMEM was 
replaced by regular culture medium. SiRNAs and pre-miR 
molecules can be found in Supplementary Table 1.

Total RNA and microRNA isolation and reverse 
transcription

Cells were harvested with 0.05% Trypsin, centrifuged and 
washed with PBS before lysis. For total RNA isolation the 
Qiagen  RNeasy® Mini Kit (Qiagen, Hilden, Germany) was 
used. MiRNA was isolated with the mirVana™ Kit from 
Ambion™ (ThermoFisher Scientific) according to the manu-
facturer’s instruction. Isolated RNAs were stored at − 70 °C.

For reverse transcriptase reaction, 1 µg of total RNA 
was reverse transcribed into cDNA using random primers 
with the ABI High Capacity cDNA Reverse Transcription 
Kit (ABI, ThermoFisher Scientific). The  TaqMan® Micro-
RNA Reverse Transcription Kit (ThermoFisher Scientific) 
was used for reverse transcription of 100 ng microRNA 
with miR-specific primer systems according to the kit’s 
guidelines.

Quantitative real‑time PCR (qPCR)

Analyses were run as previously described for mRNA and 
miRNA (Eggers et al. 2016). For mRNA, the SYTO9 system 
(ThermoFisher Scientific) was used according to manufac-
turer’s instructions. HPRT (hypoxanthine–guanine-phospho-
ribosyltransferase) was used as reference for normalization. 
For miRNA,  TaqMan® assays were used, normalizing to 
RNU6B as a reference. Analyses were run on a Rotor-Gene 
Q machine (Qiagen). Data were expressed as fold change 
using the  2–ΔΔCT method. Primers are listed in Supplemen-
tary Table 2. EGFR primers were synthesized by Eurogen-
tech (Köln, Germany).

Luciferase assay

Posttranscriptional regulation of EGFR expression by 
miR-218 was determined in MDA-MB-231 cells by using 
the EGFR-specific Luc-Pair miR Luciferase Assay from 
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GeneCopoeia™ (Rockville, MD, USA) (Product ID: 
HmiT004605-MT01), expressing firefly luciferase under 
the control of the human EGFR 3′UTR, and renilla lucif-
erase under the control of the cytomegaly virus promoter as 
an internal control for transfection efficiency. 6-well plates 
were seeded with 300,000 cells per well. Cells were then 
transfected using 2µL lipofectamine, 0.5µL plasmid (100 ng) 
and 4 µl pre-miR-218 (20 pmol) or control-pre-miRNA in 
serum and antibiotic-free OptiMEM medium. After 24 h 
the transfection medium was replaced by culture medium. 
72 h after transfection the cells were lysed in the plate, the 
suspension was transferred into a 96-well plates, and mixed 
with the luciferase substrates. Luciferase activity was deter-
mined using a Veritas Microplate Luminometer (Turner Bio-
Systems, Sunnyvale, USA), normalizing firefly luciferase 
activity to renilla activity.

Western blotting

Western blot analysis was performed as described earlier 
(Greve et al. 2012). After protein transfer, the membrane 
was blocked for 1 h with 2.5% (w/v) dry milk (Cell Signal-
ing, Cambridge, UK) in Tris-buffered saline with Tween20 
(TBST). Primary antibodies (rabbit anti EGFR, rabbit anti 
p44/42 MAPK, rabbit anti phospho-p44/42 MAPK (Cell 
Signaling) all 1:2000, mouse anti β-actin (Sigma) 1:5000) 
were incubated overnight at 4 °C. After washing with TBST, 
the secondary antibodies goat anti-mouse-HRP at dilution 
1:1000 and goat anti-rabbit-HRP at dilution 1:1000 (R&D, 
Minneapolis, USA) were incubated for 1 h at RT. Signals 
were detected using ECL substrate (Thermo Fisher Scien-
tific, Langenselbold, Germany), and the bands were analysed 
using a Fusion SL System (VWR, Darmstadt, Germany).

Flow cytometry

For flow cytometric analysis,  106 cells were harvested by 
detachment with 2 mM EDTA. Cells were washed with 
PBS, incubated with 100 µL 0.1% (w/v) BSA (Roth) in PBS 
and, subsequently, with antibody (rat anti-EGFR (Abcam) 
1:100). EGFR antibody binding was visualized with goat 
anti rat-Alexa488 (Dianova, Hamburg, Germany) 1:100. 
The flow cytometric analysis was performed on a  CyFlow® 
space flow cytometer (Partec, Münster, Germany). FloMax 
software was used for data evaluation (Quantum Analysis, 
Münster, Germany).

Mitotic catastrophes

A total of  105 cells were cultured on a cover slip in a 6-well 
plate. Cells were transfected as described above and fixed 
24 h after transfection using 4% (w/v) PFA for 10 min. DNA 
was stained with DAPI (4′,6-diamidino-2-phenylindole) and 

the cytoskeleton with phalloidin-Alexa488 (Invitrogen™, 
Thermo Fisher Scientific). About 300 nuclei were docu-
mented and manually quantified for mitotic catastrophes per 
experiment. Fluorescence emission was determined by using 
a LSM880 microscope (Zeiss).

For live observation of mitotic catastrophes, the trans-
fected and control MDA-MB-231 cells were seeded into 
35 mm petri dishes (µ-Dish, ibidi, Munich, Germany) and 
medium was exchanged to DMEM + 10% FCS + 20 mM 
HEPES (BiochromTM, Berlin, Germany). Cell division 
was visualized by staining of tubulin (CellLight Tubulin-
GFP, BacMam2.0, InvitrogenTM, Thermo Fisher Scientific) 
and chromosomes (Hoechst 33342) utilizing a Zeiss Axio 
Observer A1 microscope equipped with a 63 × microscope 
objective (Zeiss LD Plan-Neofluar 63x /0.75 Korr), a Retiga 
2000 camera (QImaging, Surrey, Canada) and a heating 
chamber (HT200, Ibidi).

Digital holographic microscopy (DHM)

Time-lapse observation with DHM was performed as previ-
ously described (Eggers et al. 2016). 2.5 ×  104 transiently 
transfected MDA-MB-231 cells were seeded into petri 
dishes (µ-Dish with glass lid, Ibidi). 24 h after transfection 
medium was exchanged to DMEM + 10% FCS + 20 mM 
HEPES (BiochromTM). Digital holograms were recorded 
every 3 min for 34 h. Cells were tracked in the retrieved 
series of quantitative DHM phase images by custom built 
software for automated cell tracking based on a previously 
described algorithm (Kemper et al. 2010). To quantify cell 
motility, the average migration distance was determined 
from the retrieved cell migration trajectories. Moreover, 
from the migration pattern the mean squared displacement 
(MSD) was calculated as previously described (Sridharan 
et al. 2011). In order to analyse cell growth and prolifera-
tion, cellular dry mass was retrieved by image segmentation 
using the free software cell profiler (www. cellp rofil er. org) 
as described in Bettenworth et al. (2014).

Cell invasion assay

Invasion was quantified as previously described (Troschel 
et al. 2020). Briefly, 25,000 cells were seeded on a Matrigel-
coated 8.0 µm PET membrane as part of a  Corning® Bio-
Coat™  Matrigel® Invasion Chamber (Corning, New York, 
NY, USA) with 10% FCS medium. After 24 h of incuba-
tion, FCS was entirely removed from the cultivation cham-
ber while 10% FCS was supplemented to the lower cell-free 
invasion chamber to generate a chemotactic gradient. Cells 
that invaded into the invasion chamber were fixed, stained 
and counted 24 h later.

http://www.cellprofiler.org
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Clonogenic survival post‑irradiation

To determine radiosensitizing effect of treatment, clonogenic 
assays were performed as detailed before (Falke et al. 2022). 
Cells were irradiated with 2 Gy 24 h after transfection with a 
TrueBeam linear accelerator (Varian Medical Systems, Palo 
Alto, CA, USA). Cells were then harvested, and pre-defined 
numbers of cells were seeded in 6-well plates and medium 
was supplemented. After 12 days of incubation, colonies 
(groups of more than 20 cells) were counted microscopically 
(Olympus CKX41 microscope; Olympus, Shinjuku, Tokyo, 
Japan). Plating efficiencies were calculated first. Then, sur-
vival fractions were calculated as plating efficiency after 
irradiation/plating efficiency without irradiation.

Database analyses

We used two RNA sequencing datasets from primary breast 
cancer specimens from the GEO database: In the GSE58215 
dataset, gene expression analysis was performed in 283 
breast cancer specimens for mRNA and microRNA, allow-
ing expression correlations (Aure et al. 2015). Here, normal-
ized data as provided by the authors was directly correlated. 
In the GSE65505 dataset (Horton et al. 2015) we used 26 
paired breast cancer samples pre- and post-irradiation. We 
pooled all different radiation regimens into the “post-radi-
ation” group, while non-irradiated samples constituted the 
“pre-irradiation” group. Again, normalized gene expression 
data as provided by the authors was used for analysis.

Statistical analysis

We used Spearman correlations to test for correlations, pre-
senting spearman’s rho and the respective p value. We used 
paired t tests for pre- and post-irradiation comparisons in 
gene expression. For in vitro data, Student’s unpaired t-test 
was used. Here, all experiments consisted of at least three 
independent replicates. Statistical significance was set at 
p < 0.05 and error bars represent standard error of the mean. 
Analyses were performed and graphs were generated using 
Prism 8 (GraphPad Software, San Diego, CA, USA).

Results

The expression levels of EGFR and miR‑218 are 
inversely correlated in different cancer cell lines 
and primary patient samples

The regulatory function of microRNAs is mediated by 
binding of their seed site to the 3′UTR of a target mRNA 
(Didiano and Hobert 2008). The Target Scan Human 6.2 
algorithm predicts a 7mer seed sequence on miR-218 for 

EGFR, indicating a direct binding between miR-218 and 
EGFR (Supplementary Table 3). The probability of con-
served targeting (pCT) estimates the probability of a specific 
binding event (Friedman et al. 2009). In the case of EGFR, 
the pCT is low, suggesting only moderate binding ability.

To understand the interplay between EGFR and miR-
218, we then screened 11 cell lines for EGFR expression. 
The EGFR-negative cell line MCF-7 was chosen as a ref-
erence and compared to the remaining cell lines using the 
fold change  2−ΔΔct method (Livak and Schmittgen 2001). 
The highest EGFR expression was determined for MDA-
MB-468 followed by K180, MCF-10, HCC1806, SK-BR-3, 
MDA-MB-231, HaCat, A549, BT474, and BT549, respec-
tively. There was a significant negative correlation between 
EGFR and miR-218 expression (p = 0.048, Spearman’s 
ρ =  − 0.62, Fig. 1A). We subsequently examined the rela-
tionship between miR-218 and EGFR using the sequencing 
analyses provided in the GSE58215 dataset. Here, we also 
found a negative association in 283 breast cancer samples 
(p = 0.007, Spearman’s ρ =  − 0.16, Fig. 1B). In subsequent 
analyses in the dataset, we found that miR-218 was over-
expressed in estrogen receptor (ER)-positive tumors while 
EGFR was overexpressed in ER-negative samples (Fig. 1C). 
Similarly, miR-218 was expressed highest in low-grade 
tumors (histologic grade 1 or 2), while EGFR was primar-
ily expressed in high-grade breast cancer samples (histologic 
grade 3, Fig. 1D).

MiR‑218 directly targets EGFR in cancer cells 
and perturbs activation of the downstream p44/42 
MAPK

Following our analyses, we performed real-time qPCR test-
ing after pre-miR-218 or negative control pre-miR treatment. 
In the breast cancer cell lines MDA-MB-231 and BT474, 
EGFR was significantly reduced 24 h after pre-miR-218 
transfection (p = 0.002 and p = 0.018, respectively, Fig. 2A, 
white bars).

We then verified downregulation of EGFR at the pro-
tein level 72 h post transfection. EGFR protein levels were 
decreased in both cell lines after miR-218 overexpression 
using flow cytometric (Fig. 2A and B) and western blot 
(Fig. 2C) and analyses. Data indicated a substantial loss of 
EGFR levels in both cell lines (47% in MDA-MB-231, mean 
fluorescence activity 108.0 vs. 55.6; and 32% in BT474 
cells, mean fluorescence activity 4.47 vs. 3.06; p = 0.002 
and p < 0.001, respectively). A representative measurement 
from MDA-MB-231 cells is shown in Fig. 2B.

To verify whether EGFR is a direct target for miR-
218, we performed a luciferase assay, where co-transfec-
tion of an EGFR 3′UTR binding site expressing reporter 
plasmid together with the miR-218 precursors was per-
formed. Compared to the negative control pre-miR, the 
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pre-miR-218-transfected cells showed a significant 25% 
decrease of normalized luciferase activity in MDA-MB-231 
cells 72 h after transfection (Fig. 2D).

Given the now-established influence of miR-218 on 
EGFR expression, we sought to investigate subsequent 
downstream effects. The primary downstream effector of 

EGFR is the p44/42 MAPK, which becomes phosphoryl-
ated due to EGFR activation upon binding to its ligand 
EGF. While the level of total p44/42 protein was not 
affected by miR-218, the phosphorylation of p44/42 was 
decreased at 10 min and 20 min after stimulation with 

Fig. 1  Expression of EGFR and 
miR-218 in cancer cell lines and 
primary breast cancer tissues. 
A EGFR and miR-218 show 
a negative expression correla-
tion in eleven cancer cell lines. 
B EGFR and miR-218 show 
a negative expression correla-
tion in primary breast cancer 
samples from the GSE58215 
dataset. C miR-218 is expressed 
at higher levels in estrogen 
receptor (ER)-positive tumors, 
while EGFR is overexpressed 
in ER-negative tumors from the 
dataset (p < 0.001). D miR-218 
is expressed at higher levels in 
grade 1 tumors while EGFR is 
overexpressed in grade 3 tumors 
from the dataset. *p < 0.05; 
**p < 0.01; ***p < 0.001

Fig. 2  miR-218 overexpression targets EGFR expression and the 
p44/42 MAPK. A After miR-218 overexpression, EGFR levels were 
decreased in breast cancer cell lines MDA-MB-231 and BT474 
in qPCR and flow cytometry analyses. B Representative flow cyto-
metric analysis in MDA-MB-231 cells in controls (black) and pre-

miR-218-transfected cells (red). C pre-miR-218 transfection also 
decreased EGFR levels in western blots. D Loss of luciferase activity 
in pre-miR-218-transfected cells relative to control cells. E Decrease 
in EGF-induced p44/42 phosphorylation after pre-miR-218 compared 
to control cells. *p < 0.05; **p < 0.01; ***p < 0.001
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100 ng EGF in the pre-miR-218-transfected MDA-MB-231 
cells compared to the controls (Fig. 2E).

miR‑218 overexpression influences individual 
cell growth, movement, cell division & radiation 
resistance

Multiple studies used colony formation or CCK8 assays to 
determine changes in proliferation (Li et al. 2012; Liu et al. 
2016; Zhao et al. 2017; Han et al. 2019; Xia et al. 2019) 
and wound healing investigations to investigate changes in 
migration (Liu et al. 2016; Han et al. 2019), reporting anti-
tumorigenic outcomes for miR-218 high expressing cells. 
Given the influence of EGFR on these outcomes, we aimed 
to substantiate these findings by performing single-cell 
analyses via time-lapse video microscopy. Here, we found 
that cell dry mass (Fig. 3A) of the pre-miR-218-transfected 
cells remained nearly stagnant over time whereas this param-
eter substantially increased in control pre-miR transfected 
cells. Additionally, single cell tracking revealed a decrease 
in motility of the miR-218-overexpressing cells compared to 
the controls, as determined by measuring the mean squared 
displacement (MSD, Fig. 3B) and the maximum distance 
of control and pre-miR-218-transfected cells from the start-
ing point (p = 0.04, Fig. 3C). Finally, invasiveness in vitro 
was significantly reduced after pre-miR-218 transfection 

(p < 0.001, Fig. 3D, representative panels for control and 
pre-miR-218 cells are also shown).

Fluorescence video microscopy helped determine cell 
division, with Tubulin-GFP BacMam2.0 (Invitrogen) stain-
ing tubulin, and Hoechst 33342 acting as a nuclear dye. 
While the control-pre-miR treated cells showed a normal 
chromosome distribution and division time, numerous pre-
miR-218 overexpressing MDA-MB-231 or BT474 cells were 
not able to divide correctly. This persisted over a longer time 
resulting in an increased proportion of cells showing mitotic 
catastrophes (Fig. 4A). Notably, miR-218 overexpression led 
to morphologically polynucleated cells (Fig. 4B). We also 
documented the successful cell division in control cells and 
the unsuccessful mitotic catastrophe in miR-218 overex-
pressing cells microscopically over time (Fig. 4C, video file 
provided as Supplementary Video).

Given that EGFR has been associated with radioresist-
ance, we hypothesized that miR-218 may also influence 
radiation response. In a sample of pre- and post-radiotherapy 
specimens from the GSE65505 dataset, we found that EGFR 
was increased after irradiation while levels of the most 
common miR-218 isoform quantified in the analyses, miR-
218–2, were decreased (Fig. 5A). We subsequently assessed 
clonogenic potential in MDA-MB-468 breast cancer cells 
after a radiation dose of 2 Gy. Pre-miR-218 overexpressing 
cells showed reduced survival after irradiation compared 

Fig. 3  pre-miR-218 transfection substantially reduces individual cell 
traits in MDA-MB-231 cells. A Cell dry mass remains stagnant over 
time in pre-miR-218-transfected cells while increasing in control 
miR-transfected cells. B Mean squared displacement (MSD) of con-

trol and pre-miR-218 treated cells. C Maximum distance from start 
point in control and pre-miR-218-transfected cells. D Invasiveness 
is strongly reduced in pre-miR-218 treated cells relative to controls. 
*p < 0.05; ***p < 0.001
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to controls. This effect was significantly increased in cells 
undergoing additional EGFR silencing (Fig. 5B).

Discussion

In the present study, we demonstrated that miR-218 directly 
targets EGFR mRNA in TNBC, resulting in antagonistic 
expression patterns in vitro and in vivo. We additionally 
found that miR-218 overexpression resulted in decreased 
cell proliferation, motility, and invasiveness, but increased 
mitotic catastrophes. Finally, radioresistance was decreased 
prominently not only after miR-218 overexpression and 
EGFR silencing combined, but also after miR-218 overex-
pression alone. Findings are summarized in Fig. 6.

The miR‑218‑EGFR relationship

EGFR has previously been described to be a direct tar-
get of multiple micro RNAs, including miR-7 and miR-
206. Additionally, close to a dozen micro RNAs target 
the EGFR pathway in general (Han et al. 2015). While 
bioinformatic analyses suggest that more than 100 micro 
RNAs may directly target EGFR, only few of these pre-
dicted interactions have been validated experimentally 
(Chan et al. 2012).

Our findings indicate a direct binding event between miR-
218 and EGFR. They are in line with previous studies in 
different tumor entities. In lung cancer, two groups dem-
onstrated direct binding between miR-218 and the 3′UTR 
region of the EGFR mRNA (Zhu et al. 2016; Islam et al. 
2023).

Fig. 4  Cell division in pre-
miR-218-transfected cells. A 
Mitotic catastrophes increase 
in MDA-MB-231 and BT474 
cells after pre-miR-218 transfec-
tion. B Polynucleated cells are 
documented after pre-miR-218 
transfection. C Cell division 
is prolonged and impaired in 
this example of a miR-218 
overexpressing cell compared 
to a control cell. **p < 0.001

Fig. 5  miR-218 and EGFR determine radiation response in breast 
cancer. A In paired analyses from pre- and post-irradiation breast 
cancer specimens from the GSE65505 dataset, EGFR levels were 
increased. Meanwhile, miR-218–2, the most common  miR-218 iso-
form quantified in the analysis, was reduced. B In clonogenic analy-

ses, pre-miR-218-transfected MDA-MB-468 cells showed reduced 
survival fractions compared to controls. Survival rates were even 
lower in cells that underwent pre-miR-218 transfection as well as 
silencing of EGFR. *p < 0.05; ***p < 0.001
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Interestingly, our findings suggest that the miR-218-
EGFR mRNA binding event goes beyond translational 
repression, as we found EGFR protein and mRNA levels 
repressed. This implies that mRNA decay is also initiated 
as part of the binding process.

Notably, we found a strong downregulation of the EGFR 
mRNA despite only moderate binding prediction from the 
TargetScan algorithm. This is not surprising as previous 
studies have shown that extensive complementarity is not 
a prerequisite for micro RNA target mRNA degradation 
(Mohr and Mott 2015). There is no specific evidence as to 
how the EGFR mRNA decay takes place. However, miR-218 
is known to be part of a RNA-induced silencing complex 
(RISC) to facilitate mRNA cleavage (Thiebes et al. 2015). 
Hence, we hypothesize that miR-218 directly targets and 
cleaves the EGFR mRNA via RISC formation.

Antagonistic relationships between miR-218 and EGFR 
have also been demonstrated in glioblastoma (Mathew et al. 
2015) and, indirectly, in osteosarcoma (Lin et al. 2020) and 
esophageal squamous cell carcinoma (Qu et al. 2020). Con-
versely, a recent preprint found a co-expression of miR-218 
and EGFR in breast cancer, hypothesizing that EGFR is indi-
rectly upregulated via miR-218 (Qian et al. 2021). However, 
this is the only investigation to suggest a positive correlation 
between these factors, while our breast cancer study—and 
the remaining literature from other tumor entities—disagree.

There is evidence that links high miR-218 expression 
to prolonged survival in breast cancer patients (Liu et al. 
2015; Ahmadinejad et al. 2017; Setijono et al. 2018). A 
small investigation from 32 patients also found a differen-
tial expression between different grades (Ahmadinejad et al. 
2017). Leveraging the availability of large-scale patient gene 
expression data, we found that miR-218 is overexpressed 
in low-grade, ER-positive tumors—a good-prognosis 

group. Conversely, EGFR was most prominently expressed 
in high-grade ER-negative samples in our study and is a 
known marker of poor prognosis in breast cancer (Richard 
et al. 1987). Interestingly, miR-218 was found to be a nega-
tive prognostic marker in cervical cancer (Cruz‐De la Rosa 
et al. 2022) despite its role as a positive prognostic marker 
in breast cancer. This underlines the need for individualized 
analyses between different tumor entities.

We also tried to identify effects downstream of EGFR 
expression after miR-218 transfection and found that phos-
phorylation of p44/42 was decreased after EGF stimulation 
in miR-218 overexpressing cells. This supports reduced 
EGFR activity as EGFR activation leads to phosphoryla-
tion of p44/42 (Sakai et al. 2006). It underscores the func-
tional relevance of lower EGFR expression after miR-218 
transfection.

Pre‑miR‑218 transfection limits cell growth 
and motility—findings from a digital holographic 
microscopy investigation

Given the importance of EGFR signaling for cell cycle pro-
gress and proliferation, we decided to use digital holographic 
microscopy techniques to uncover subsequent changes. Our 
findings of reduced cell dry mass underline previous studies 
that reported reduced colony formation and cell viability 
in miR-218 overexpressing cells (Li et al. 2012; Liu et al. 
2016; Zhao et al. 2017; Han et al. 2019; Xia et al. 2019). 
Our experiments additionally allow for long-time monitor-
ing of individual cellular parameters given constant read-
outs over more than 30 h. We show a steady and consist-
ent reduction in cell dry mass. This indicates that cells do 
not only decrease proliferation, but also lose the ability to 
grow in size and weight, indicating reduced cell metabolism. 

Fig. 6  Summary of findings. 
EGFR epidermal growth factor 
receptor, mRNA messenger 
ribonucleic acid, RISC RNA-
induced silencing complex. 
The figure was created with 
biorender.com
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Meanwhile, cell division seems to be substantially impaired 
considering the increase in mitotic catastrophes seen after 
pre-miR-218 overexpression. A study in lung cancer points 
to a mechanistic connection between miR-218 and mitotic 
instability via TDP52 (Kumamoto et al. 2016). Previous 
studies have additionally indicated an increase in apopto-
sis after miR-218 overexpression (Zarogoulidis et al. 2015; 
Zhang et al. 2018). Our study identifies mitotic catastrophe 
as one key anti-proliferative pro-apoptotic mechanism.

We also see that individual cells move significantly less, 
providing more granular data compared to previous wound 
healing assay findings (Liu et al. 2016; Han et al. 2019). 
Decreased migration in individual cells is another key anti-
tumorigenic characteristic.

Finally, cell invasion is reduced after pre-miR-218 over-
expression. This supports ongoing debate between some 
studies reporting reduced metastatic ability in miR-218 
overexpressing cells (Yang et al. 2012; Han et al. 2019), 
while others demonstrated increased bone metastasis forma-
tion in miR-218 high-expressing tumors (Hassan et al. 2012; 
Taipaleenmäki et al. 2016).

Combined miR‑218 overexpression and EGFR 
knockdown sensitize cells to irradiation

We found miR-218 decreased after irradiation, while EGFR 
levels increased. We believe that both expression changes 
indicate induced DNA damage repair or resistance to radio-
therapy. We subsequently targeted both expression changes 
in vitro. In line with previous literature (Hu et al. 2019) 
we found that miR-218 overexpression sensitized cells to 
irradiation. EGFR itself is also known to be a marker of 
radioresistance (Gee and Nicholson 2003). Interestingly, 
cell survival after radiotherapy was additionally reduced if 
miR-218 overexpression was combined with artificial EGFR 
knockdown. The combination of both treatments seems to 
most effectively reduce radioresistance, underlining the 
synergistic function of EGFR downregulation and miR-218 
overexpression.

There are some limitations to this study. First, not all 
experiments were performed in two different breast cancer 
cell lines. However, key mechanistic experiments relied on 
data from two cell lines. Second, we did not specifically 
investigate EGFR-mutant cancers and are thus unable to 
draw conclusions regarding this group. Third, while some 
data relies on primary patient data, the larger part of this 
study is limited to in vitro experimentation in TNBC cell 
lines, necessitating future in vivo confirmation. Fourth, we 
used the miRVana kit for all micro RNA qPCR analyses 
while the mRNA analyses were consistently performed with 
a different isolation kit. Future studies should consider using 
a single kit for miRNA and mRNA isolation, thus streamlin-
ing the workflow. Finally, the choice of housekeeping gene 

remains controversial. Our choices, RNU6B for micro RNA 
(Gee et al. 2011), especially in combination with use of the 
miRVana kit (Schindler et al. 2018), and HPRT for mRNA 
(De Kok et al. 2005) remain well-supported in the literature. 
However, there is no consensus regarding the optimal house-
keeping gene for qPCR analyses and discussions are ongoing 
(Gorji-Bahri et al. 2021; Veryaskina et al. 2022).

Conclusion

In the present study, we show that miR-218 and EGFR are 
inversely correlated in primary triple-negative breast can-
cer samples and cell lines. We subsequently demonstrate 
that miR-218 directly targets the Epidermal Growth Factor 
Receptor (EGFR) and results in increased mitotic catastro-
phes while cell dry mass and motility decrease. Finally, we 
demonstrate that miR-218 upregulation and EGFR knock-
down both support radiosensitization, underlining the thera-
peutic relevance of the miR-218/EGFR pathway.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00432- 023- 04750-x.

Acknowledgements We thank Prof. Dr. Wolfgang Göhde and Dr. 
Dr. Hildegard Göhde for providing the  CyFlow® Space. The authors 
would also like to acknowledge Annette van Dülmen, Angelika Vollmer 
and Steffi Ketelhut for their expert technical assistance in cell culture, 
digital holographic microscopy and fluorescence video microscopy, 
respectively.

Author contributions FJW, FMT, MF, BK, AVK, and SAI performed 
cell culture experiments and database research. FJW, FMT, MF, BK, 
and MS analyzed data. FMT wrote the manuscript draft. FJW, FMT and 
MF designed figures. LK and HTE provided clinical expertise, manu-
script revision and supervision. MG was involved with supervision, 
revised the manuscript draft and provided expertise in gynecologic 
oncology. BG designed and supervised the project. All authors have 
read, revised and agreed to the published version of the manuscript.

Funding Open Access funding enabled and organized by Projekt 
DEAL. This study was partly funded by the Münster University “Inno-
vative Medizinische Forschung” (IMF) fund (EI211308).

Data availability The authors confirm that the data supporting the find-
ings of this study are available within the article and its supplementary 
materials.

Declarations 

Conflict of interest The authors have no relevant financial or non-fi-
nancial interests to disclose.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 

https://doi.org/10.1007/s00432-023-04750-x


8464 Journal of Cancer Research and Clinical Oncology (2023) 149:8455–8465

1 3

otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Ahmadinejad F, Mowla SJ, Honardoost MA et al (2017) Lower expres-
sion of miR-218 in human breast cancer is associated with lymph 
node metastases, higher grades, and poorer prognosis. Tumor 
Biol. https:// doi. org/ 10. 1177/ 10104 28317 698362

Aure MR, Jernström S, Krohn M et al (2015) Integrated analysis 
reveals microRNA networks coordinately expressed with key 
proteins in breast cancer. Genome Med 7:1–17. https:// doi. org/ 
10. 1186/ s13073- 015- 0135-5

Bettenworth D, Lenz P, Krausewitz P et al (2014) Quantitative stain-
free and continuous multimodal monitoring of wound healing 
in vitro with digital holographic microscopy. PLoS One. https:// 
doi. org/ 10. 1371/ journ al. pone. 01073 17

Chan L WC, Wang F F, Cho W CS (2012) Genomic sequence analysis 
of EGFR regulation by microRNAs in lung cancer. Curr Top Med 
Chem 12:920–926. https:// doi. org/ 10. 2174/ 15680 26128 00166 747

Cruz-De la Rosa MI, Jiménez-wences H, Alarcón-millán J et al (2022) 
miR-218-5p/RUNX2 axis positively regulates proliferation and is 
associated with poor prognosis in cervical cancer. Int J Mol Sci. 
https:// doi. org/ 10. 3390/ ijms2 31369 93

De Kok JB, Roelofs RW, Giesendorf BA et al (2005) Normalization of 
gene expression measurements in tumor tissues: comparison of 
13 endogenous control genes. Lab Investig 85:154–159. https:// 
doi. org/ 10. 1038/ labin vest. 37002 08

Didiano D, Hobert O (2008) Molecular architecture of a miRNA-
regulated 3′UTR. RNA 14:1297–1317. https:// doi. org/ 10. 1261/ 
rna. 10827 08

Eggers JC, Martino V, Reinbold R et al (2016) MicroRNA miR-200b 
affects proliferation, invasiveness and stemness of endometriotic 
cells by targeting ZEB1, ZEB2 and KLF4. Reprod Biomed Online 
32:434–445. https:// doi. org/ 10. 1016/j. rbmo. 2015. 12. 013

Falke I, Troschel FM, Palenta H et al (2022) Knockdown of the stem 
cell marker Musashi-1 inhibits endometrial cancer growth and 
sensitizes cells to radiation. Stem Cell Res Ther. https:// doi. org/ 
10. 1186/ s13287- 022- 02891-3

Friedman RC, Farh KKH, Burge CB, Bartel DP (2009) Most mamma-
lian mRNAs are conserved targets of microRNAs. Genome Res 
19:92–105. https:// doi. org/ 10. 1101/ gr. 082701. 108

Frixa T, Donzelli S, Blandino G (2015) Oncogenic MicroRNAs: key 
players in malignant transformation. Cancers (Basel) 7:2466–
2485. https:// doi. org/ 10. 3390/ cance rs704 0904

Gee JMW, Nicholson RI (2003) Expanding the therapeutic repertoire 
of epidermal growth factor receptor blockade: radiosensitization. 
Breast Cancer Res 5:126–129. https:// doi. org/ 10. 1186/ bcr584

Gee HE, Buffa FM, Camps C et al (2011) The small-nucleolar RNAs 
commonly used for microRNA normalisation correlate with 
tumour pathology and prognosis. Br J Cancer 104:1168–1177. 
https:// doi. org/ 10. 1038/ sj. bjc. 66060 76

Gorji-Bahri G, Moradtabrizi N, Hashemi A (2021) Uncovering the 
stability status of the reputed reference genes in breast and hepatic 
cancer cell lines. PLoS One 16:1–14. https:// doi. org/ 10. 1371/ 
journ al. pone. 02596 69

Greve B, Sheikh-Mounessi F, Kemper B et al (2012) Survivin, a 
target to modulate the radiosensitivity of Ewing’s sarcoma. 
Strahlenther Onkol 188:1038–1047. https:// doi. org/ 10. 1007/ 
s00066- 012- 0223-z

Han F, He J, Li F et al (2015) Emerging roles of microRNAs in EGFR-
targeted therapies for lung cancer. Biomed Res Int. https:// doi. org/ 
10. 1155/ 2015/ 672759

Han C, Li X, Fan Q et al (2019) CCAT1 promotes triple-negative 
breast cancer progression by suppressing miR-218/ZFX signal-
ing. Aging (Albany NY) 11:4858–4875. https:// doi. org/ 10. 18632/ 
aging. 102080

Hassan MQ, Maeda Y, Taipaleenmaki H et al (2012) miR-218 directs a 
Wnt signaling circuit to promote differentiation of osteoblasts and 
osteomimicry of metastatic cancer cells. J Biol Chem 287:42084–
42092. https:// doi. org/ 10. 1074/ jbc. M112. 377515

Horton JK, Siamakpour-Reihani S, Lee CT et al (2015) FAS death 
receptor: a breast cancer subtype-specific radiation response bio-
marker and potential therapeutic target. Radiat Res 184:456–469. 
https:// doi. org/ 10. 1667/ RR140 89.1

Hu X, Ding D, Zhang J, Cui J (2019) Knockdown of lncRNA HOTAIR 
sensitizes breast cancer cells to ionizing radiation through activat-
ing miR-218. Biosci Rep 29:1–9. https:// doi. org/ 10. 1042/ BSR20 
181038

Ibrahim SA, Hassan H, Götte M (2014) MicroRNA regulation of pro-
teoglycan function in cancer. FEBS J 281:5009–5022. https:// doi. 
org/ 10. 1111/ febs. 13026

Islam R, Zhao L, Zhang X, Liu LZ (2023) MiR-218-5p/EGFR signal-
ing in arsenic-induced carcinogenesis. Cancers (Basel). https:// 
doi. org/ 10. 3390/ cance rs150 41204

Jin X, Liu X, Zhang Z, Guan Y (2020) lncRNA CCAT1 acts as a 
MicroRNA-218 sponge to increase gefitinib resistance in NSCLC 
by targeting HOXA1. Mol Ther Nucleic Acids 19:1266–1275. 
https:// doi. org/ 10. 1016/j. omtn. 2020. 01. 006

Kemper B, Bauwens A, Vollmer A et al (2010) Label-free quantitative 
cell division monitoring of endothelial cells by digital holographic 
microscopy. J Biomed Opt 15:036009. https:// doi. org/ 10. 1117/1. 
34317 12

Kumamoto T, Seki N, Mataki H et al (2016) Regulation of TPD52 by 
antitumor microRNA-218 suppresses cancer cell migration and 
invasion in lung squamous cell carcinoma. Int J Oncol 49:1870–
1880. https:// doi. org/ 10. 3892/ ijo. 2016. 3690

Li Q, Zhu F, Chen P (2012) MiR-7 and miR-218 epigenetically con-
trol tumor suppressor genes RASSF1A and claudin-6 by targeting 
HoxB3 in breast cancer. Biochem Biophys Res Commun 424:28–
33. https:// doi. org/ 10. 1016/j. bbrc. 2012. 06. 028

Li BS, Liu H, Yang WL (2015a) Reduced miRNA-218 expression in 
pancreatic cancer patients as a predictor of poor prognosis. Genet 
Mol Res 14:16372–16378. https:// doi. org/ 10. 4238/ 2015. Decem 
ber.9.5

Li PL, Zhang X, Wang LL et al (2015b) MicroRNA-218 is a prognostic 
indicator in colorectal cancer and enhances 5-fluorouracil-induced 
apoptosis by targeting BIRC5. Carcinogenesis 36:1484–1493. 
https:// doi. org/ 10. 1093/ carcin/ bgv145

Lin E, Liu S, Xiang W et al (2020) CircEIF4G2 promotes tumori-
genesis and progression of osteosarcoma by sponging miR-218. 
Biomed Res Int. https:// doi. org/ 10. 1155/ 2020/ 83869 36

Liu Y, Cai Q, Bao P-P et al (2015) Tumor tissue microRNA expres-
sion in association with triple-negative breast cancer outcomes. 
Breast Cancer Res Treat 152:183–191. https:// doi. org/ 10. 1007/ 
s10549- 015- 3460-x

Liu B, Tian Y, Li F et al (2016) Tumor-suppressing roles of miR-214 
and miR-218 in breast cancer. Oncol Rep 35:3178–3184. https:// 
doi. org/ 10. 3892/ or. 2016. 4749

Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression 
data using real-time quantitative PCR and the  2−∆∆CT method. 
Methods 25:402–408. https:// doi. org/ 10. 1006/ meth. 2001. 1262

Lu Y-f, Zhang L, Waye MMY et al (2015) MiR-218 mediates tumori-
genesis and metastasis: perspectives and implications. Exp Cell 
Res 334:173–182. https:// doi. org/ 10. 1016/j. yexcr. 2015. 03. 027

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1177/1010428317698362
https://doi.org/10.1186/s13073-015-0135-5
https://doi.org/10.1186/s13073-015-0135-5
https://doi.org/10.1371/journal.pone.0107317
https://doi.org/10.1371/journal.pone.0107317
https://doi.org/10.2174/156802612800166747
https://doi.org/10.3390/ijms23136993
https://doi.org/10.1038/labinvest.3700208
https://doi.org/10.1038/labinvest.3700208
https://doi.org/10.1261/rna.1082708
https://doi.org/10.1261/rna.1082708
https://doi.org/10.1016/j.rbmo.2015.12.013
https://doi.org/10.1186/s13287-022-02891-3
https://doi.org/10.1186/s13287-022-02891-3
https://doi.org/10.1101/gr.082701.108
https://doi.org/10.3390/cancers7040904
https://doi.org/10.1186/bcr584
https://doi.org/10.1038/sj.bjc.6606076
https://doi.org/10.1371/journal.pone.0259669
https://doi.org/10.1371/journal.pone.0259669
https://doi.org/10.1007/s00066-012-0223-z
https://doi.org/10.1007/s00066-012-0223-z
https://doi.org/10.1155/2015/672759
https://doi.org/10.1155/2015/672759
https://doi.org/10.18632/aging.102080
https://doi.org/10.18632/aging.102080
https://doi.org/10.1074/jbc.M112.377515
https://doi.org/10.1667/RR14089.1
https://doi.org/10.1042/BSR20181038
https://doi.org/10.1042/BSR20181038
https://doi.org/10.1111/febs.13026
https://doi.org/10.1111/febs.13026
https://doi.org/10.3390/cancers15041204
https://doi.org/10.3390/cancers15041204
https://doi.org/10.1016/j.omtn.2020.01.006
https://doi.org/10.1117/1.3431712
https://doi.org/10.1117/1.3431712
https://doi.org/10.3892/ijo.2016.3690
https://doi.org/10.1016/j.bbrc.2012.06.028
https://doi.org/10.4238/2015.December.9.5
https://doi.org/10.4238/2015.December.9.5
https://doi.org/10.1093/carcin/bgv145
https://doi.org/10.1155/2020/8386936
https://doi.org/10.1007/s10549-015-3460-x
https://doi.org/10.1007/s10549-015-3460-x
https://doi.org/10.3892/or.2016.4749
https://doi.org/10.3892/or.2016.4749
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1016/j.yexcr.2015.03.027


8465Journal of Cancer Research and Clinical Oncology (2023) 149:8455–8465 

1 3

Mathew LK, Huangyang P, Mucaj V et al (2015) Feedback circuitry 
between miR-218 repression and RTK activation in glioblastoma. 
Sci Signal. https:// doi. org/ 10. 1126/ scisi gnal. 20059 78

Mohr AM, Mott JL (2015) Overview of microRNA biology. Semin 
Liver Dis 35:3–11. https:// doi. org/ 10. 1055/s- 0034- 13973 44

Qian M, Xu H, Song H, et al (2021) MiR-218-5p promotes breast 
cancer progression via LRIG1. Research Square. https:// doi. org/ 
10. 21203/ rs.3. rs- 203193/ v1

Qu Y, Zhang Y, Wang K et al (2020) Single nucleotide polymorphisms 
in microRNA-binding site of epidermal growth factor receptor 
signaling pathway and susceptibility to esophageal squamous cell 
carcinoma. Dig Dis 38:1–8. https:// doi. org/ 10. 1159/ 00050 1447

Richard J, Sainsbury C, Needham GK et al (1987) Epidermal-growth-
factor receptor status as predictor of early recurrence of and death 
from breast cancer. Lancet 329:1398–1402. https:// doi. org/ 10. 
1016/ S0140- 6736(87) 90593-9

Sakai K, Arao T, Shimoyama T et al (2006) Dimerization and the 
signal transduction pathway of a smallin-frame deletion in the 
epidermal growth factor receptor. FASEB J 20:311–313. https:// 
doi. org/ 10. 1096/ fj. 05- 4034fj e

Schindler P, Kupcinskas J, Juzenas S et al (2018) Expression of micro-
RNAs in the ascites of patients with peritoneal carcinomatosis 
and peritonitis. Cancer Cytopathol 126:353–363. https:// doi. org/ 
10. 1002/ cncy. 21966

Setijono SR, Park M, Kim G et al (2018) miR-218 and miR-129 regu-
late breast cancer progression by targeting lamins. Biochem Bio-
phys Res Commun 496:826–833. https:// doi. org/ 10. 1016/j. bbrc. 
2018. 01. 146

Sridharan S, Mir M, Popescu G (2011) Simultaneous optical measure-
ments of cell motility and growth. Biomed Opt Express 2:2815. 
https:// doi. org/ 10. 1364/ boe.2. 002815

Taipaleenmäki H, Farina NH, van Wijnen AJ et al (2016) Antagoniz-
ing miR-218-5p attenuates Wnt signaling and reduces metastatic 
bone disease of triple negative breast cancer cells. Oncotarget 
7:79032–79046. https:// doi. org/ 10. 18632/ oncot arget. 12593

Thiebes KP, Nam H, Cambronne XA et al (2015) MiR-218 is essential 
to establish motor neuron fate as a downstream effector of Isl1-
Lhx3. Nat Commun. https:// doi. org/ 10. 1038/ ncomm s8718

Troschel FM, Böhly N, Borrmann K et al (2018) miR-142-3p atten-
uates breast cancer stem cell characteristics and decreases 

radioresistance in vitro. Tumor Biol 40:1–10. https:// doi. org/ 10. 
1177/ 10104 28318 791887

Troschel FM, Minte A, Ismail YM et al (2020) Knockdown of Musashi 
RNA binding proteins decreases radioresistance but enhances cell 
motility and invasion in triple-negative breast cancer. Int J Mol Sci 
21:2169. https:// doi. org/ 10. 3390/ ijms2 10621 69

Veryaskina YA, Titov SE, Zhimulev IF (2022) Reference genes for 
qPCR-based miRNA expression profiling in 14 human tissues. 
Med Princ Pract 31:322–332. https:// doi. org/ 10. 1159/ 00052 4283

Xia C, Jiang H, Ye F, Zhuang Z (2019) The multifunction of miR-
218-5p-Cx43 axis in breast cancer. Onco Targets Ther 12:8319–
8328. https:// doi. org/ 10. 2147/ OTT. S2185 24

Yang L, Li Q, Wang Q et al (2012) Silencing of miRNA-218 promotes 
migration and invasion of breast cancer via Slit2-Robo1 path-
way. Biomed Pharmacother 66:535–540. https:// doi. org/ 10. 1016/j. 
biopha. 2012. 04. 006

Zarogoulidis P, Petanidis S, Kioseoglou E et al (2015) MiR-205 and 
miR-218 expression is associated with carboplatin chemoresist-
ance and regulation of apoptosis via Mcl-1 and survivin in lung 
cancer cells. Cell Signal 27:1576–1588. https:// doi. org/ 10. 1016/j. 
cells ig. 2015. 04. 009

Zhang J, Li S, Li Y et al (2018) miRNA-218 regulates the prolifera-
tion and apoptosis of cervical cancer cells via targeting Gli3. Exp 
Ther Med 16:2433–2441. https:// doi. org/ 10. 3892/ etm. 2018. 6491

Zhao D, Zhang Y, Wang N, Yu N (2017) NEAT1 negatively regulates 
miR-218 expression and promotes breast cancer progression. Can-
cer Biomark 20:247–254. https:// doi. org/ 10. 3233/ CBM- 170027

Zhu K, Ding H, Wang W et al (2016) Tumor-suppressive miR-218-5p 
inhibits cancer cell proliferation and migration via EGFR in non-
small cell lung cancer. Oncotarget 7:28075–28085. https:// doi. org/ 
10. 18632/ oncot arget. 8576

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1126/scisignal.2005978
https://doi.org/10.1055/s-0034-1397344
https://doi.org/10.21203/rs.3.rs-203193/v1
https://doi.org/10.21203/rs.3.rs-203193/v1
https://doi.org/10.1159/000501447
https://doi.org/10.1016/S0140-6736(87)90593-9
https://doi.org/10.1016/S0140-6736(87)90593-9
https://doi.org/10.1096/fj.05-4034fje
https://doi.org/10.1096/fj.05-4034fje
https://doi.org/10.1002/cncy.21966
https://doi.org/10.1002/cncy.21966
https://doi.org/10.1016/j.bbrc.2018.01.146
https://doi.org/10.1016/j.bbrc.2018.01.146
https://doi.org/10.1364/boe.2.002815
https://doi.org/10.18632/oncotarget.12593
https://doi.org/10.1038/ncomms8718
https://doi.org/10.1177/1010428318791887
https://doi.org/10.1177/1010428318791887
https://doi.org/10.3390/ijms21062169
https://doi.org/10.1159/000524283
https://doi.org/10.2147/OTT.S218524
https://doi.org/10.1016/j.biopha.2012.04.006
https://doi.org/10.1016/j.biopha.2012.04.006
https://doi.org/10.1016/j.cellsig.2015.04.009
https://doi.org/10.1016/j.cellsig.2015.04.009
https://doi.org/10.3892/etm.2018.6491
https://doi.org/10.3233/CBM-170027
https://doi.org/10.18632/oncotarget.8576
https://doi.org/10.18632/oncotarget.8576

	Tumor suppressor miR-218 directly targets epidermal growth factor receptor (EGFR) expression in triple-negative breast cancer, sensitizing cells to irradiation
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 

	Background
	Methods
	Cell culture
	Cell transfection
	Total RNA and microRNA isolation and reverse transcription
	Quantitative real-time PCR (qPCR)
	Luciferase assay
	Western blotting
	Flow cytometry
	Mitotic catastrophes
	Digital holographic microscopy (DHM)
	Cell invasion assay
	Clonogenic survival post-irradiation
	Database analyses
	Statistical analysis

	Results
	The expression levels of EGFR and miR-218 are inversely correlated in different cancer cell lines and primary patient samples
	MiR-218 directly targets EGFR in cancer cells and perturbs activation of the downstream p4442 MAPK
	miR-218 overexpression influences individual cell growth, movement, cell division & radiation resistance

	Discussion
	The miR-218-EGFR relationship
	Pre-miR-218 transfection limits cell growth and motility—findings from a digital holographic microscopy investigation
	Combined miR-218 overexpression and EGFR knockdown sensitize cells to irradiation

	Conclusion
	Anchor 31
	Acknowledgements 
	References




