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METHODOLOGY

Shrimp miR-965 transfers tumoricidal 
mitochondria
Hyueyun Kim1, Ji Ha Choi1, Chang Mo Moon2, Jihee Lee Kang3, Minna Woo4 and Minsuk Kim1* 

Abstract 

Background: Micro RNA of Marsupenaeus japonicas has been known to promote apoptosis of tumor cells. However, 
the detailed mechanisms are not well understood.

Results: Using tomographic microscope, which can detect the internal structure of cells, we observed breast tumor 
cells following treatment of the miRNA. Intriguingly, we found that mitochondria migrate to an adjacent tumor cells 
through a tunneling nanotube. To recapitulate this process, we engineered a microfluidic device through which mito‑
chondria were transferred. We show that this mitochondrial transfer process released endonuclease G (Endo G) into 
tumor cells, which we referred to herein as unsealed mitochondria. Importantly, Endo G depleted mitochondria alone 
did not have tumoricidal effects. Moreover, unsealed mitochondria had synergistic apoptotic effects with subtoxic 
dose of doxorubicin thereby mitigating cardiotoxicity.

Conclusions: Together, we show that the mitochondrial transfer through microfluidics can provide potential novel 
strategies towards tumor cell death.
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Introduction
Tunneling nanotubes are thin and long membrane elon-
gations between cells that mediate trafficking of subcel-
lular vesicles, proteins, and organelles [1]. They consist of 
filamentous-actin and are about 0.05–1 µm in width and 
100  µm in length [1] which has been implicated as one 
mechanism by which mitochondria can be transferred 
from one cell to another [2]. The speed of mitochondrial 
migration is about 80–1400  nm/s through tunneling 
nanotubes [3]. Several studies have been conducted on 
mitochondrial migration between cells [4–7]. An in vitro 
study showed that oxidative stress-induced apoptosis of 
endothelial or H9c2 cardiomyocytes was abolished by 
transferring of mitochondria from mesenchymal stem 

cells [8, 9]. Another in  vivo study showed that mito-
chondrial transfer inhibited the hypoxia-based apopto-
sis in cardiomyocytes [10]. Recent studies suggest that 
mitochondria can be transferred to support the survival 
of metabolically compromised cells [11, 12]. Moreover, 
it has been reported that cancer cells can hijack mito-
chondria from immune cells via physical nanotubes [13]. 
Therefore, mitochondrial transfer through tunneling 
nanotubes can provide important clues in our under-
standing of tumor cell fate.

We describe here the application of optical tomography 
whereby a remote imaging technique is used to obtain 
cross-sections of cells [14]. In optical tomography, pro-
jected images are obtained by waves passing through 
the cells at various angles, and digital images are subse-
quently reconstructed to obtain the internal structure 
of cells in a cross-sectional manner [14, 15]. Since the 
tomographic microscope can reconstruct cell images 
according to varying refractive index, transparent objects 
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such as lipid droplets and mitochondria can be detected 
without staining [16, 17].

In this study, we found extracellular vesicles and micro-
RNAs (miRNA) from shell membrane of Marsupenaeus 
japonicas. A miRNA is a small non-coding RNA mol-
ecule containing about 22 nucleotides that mediates 
RNA silencing and posttranscriptional regulation of 
gene expression [18, 19]. A miRNA can be released into 
extracellular space and taken up by neighboring cells 
[20]. From miRNA profiling studies, multiple miRNAs, 
including miR-6491, miR-6492, miR-6493, miR-6494, or 
miR-965 have been reported from Marsupenaeus japon-
icas [21, 22]. One of these, miR-965 has been shown to 
decrease the expression of myeloid cell leukemia-1 (Mcl-
1), which blocks the secretion of cytochrome C from 
mitochondria [22–24].

Here, we examined breast tumor cells and their 
response to miR-965 and its antagomir by tomographic 
microscopy. Intriguingly, we found that mitochondria 
within tumor cells transferred into neighboring tumor 
cells via tunneling nanotubes and induced apoptosis. 
Therefore, we hypothesized that the mitochondria of tun-
neling nanotubes can be effective novel strategy towards 
tumor cell death. To this end, we conducted experiments 
on the mitochondrial mechanisms of tumor apoptosis 
following miR-965 treatment.

Results
Crustacean miRNA induces apoptosis of breast tumor cells
The shell membrane of Marsupenaeus japonicas 
(Fig.  1A), contained a number of microvesicles which 
were readily visible by electron microscopy (Fig.  1B). 
In contrast, no microvesicles were visible in the iso-
lated muscle (Fig. 1C), through various miRNAs were 
measured except for mja-miR-965 (Fig.  1D). Intrigu-
ingly, mja-miR-965 constituted the predominant frac-
tion in the shell membrane (Fig.  1E). As the shell of 
crustaceans or miR-965 have been shown to inhibit 
tumor growth [22, 24–26], we tested the effects of syn-
thetic miR-965 on MDA-MB-453 breast cancer cells 
and found this to increase apoptosis to 10% of tumor 
cells compared to less than 0.8% in control group as 
assessed by ELISA to detect ssDNA (Fig. 1F). Similarly, 
miR-965 increased cleaved caspase-3, cytochrome 
C and Endo G (Fig.  1G-J), whereas Mcl-1 levels were 
decelerated (Fig. 1K). To further visualize these MDA-
MB-453 cells, they were scanned with a λ = 520  nm 
laser beam of tomographic microscopy and the holo-
graphic images were recorded and shown as 3D ren-
dering (Fig.  2A and B, Supplementary Fig.  1A-C). 
Next, we exposed miR-965 or antagomir-965 (anti-
sense of miR-965) to the tumor cells. For easy identi-
fication, adjacent cells were digitally colored in red or 

green and named R and G. After 4 h of exposure with 
miR-965, G cells were detached and suspended in cell 
media, which showed morphological alterations such 
as cell shrinkage and membrane blebbing (Fig.  2A). 
However, these morphological changes did not occur 
following treatment with the antagomir (Fig. 2B). The 
miR-965 again increased apoptosis, as showing by 
increased cleaved caspase-3, cytochrome C, and Endo 
G (Fig. 2C-G) with decreased levels of Mcl-1 (Fig. 2H) 
and its antagomir attenuated the miRNA-induced 
apoptotic changes.

Physical mimics of tunneling nanotubes in breast tumor 
cells
To examine the cellular properties in more depth, 
refractive index images were magnified using tomo-
graphic microscopy. Intriguingly, we detected tubu-
lar-shaped parts moving from one cell to another and 
mitotracker staining confirmed that these were mito-
chondria (Fig. 3A). Migration of mitochondria between 
cells has been reported to improve the viability or 
metabolism of the recipient cell [2, 9, 12]. We hypoth-
esized that mitochondrial migration induces apoptosis 
in the recipient cell. To determine this, MDA-MB-453 
cells were treated with miRNA negative control (NC), 
mja-miR-965, or antagomir-965 (Fig.  3B). In addition, 
we designed a microfluidic system to create an envi-
ronment similar to nanotubes (Fig.  3B, Supplementary 
Fig.  1D). Considering that the diameter of the nano-
tube is 10–1000 nm and the mitochondrial diameter is 
approximately 500  nm, we devised a microfluidic sys-
tem using polydimethylsiloxane (PDMS) which was 
poured into cotton candy to make a mold followed by 
addition of water to remove to remove the filaments. 
The microfluidic device was scanned with an electron 
microscope and the diameter measured to be about 
950  nm (Fig.  3C). The isolated mitochondria were 
introduced into the microfluidic device at a flow rate 
of 10–30  μm/s. The mitochondria were stained with 
mitotracker which were shown to remain detectable up 
to 10 h in recipient tumor cells (Fig. 3D). Mitochondria 
that have passed through the microfluidic device are 
referred to herein as unsealed mitochondria (Fig.  3B). 
We next treated MDA-MB-453 cells with either the 
isolated or unsealed mitochondria. The isolated mito-
chondria or unsealed mitochondria did not lead to an 
increase in apoptosis, caspase-3, or cytochrome C in 
recipient cells (Fig.  3E-H). However, unsealed mito-
chondria extracted from miR-965-treated cells led to 
an increase in apoptosis of the recipient cells (Fig.  3E-
H). Furthermore, regardless of miR-965 or antagomir 
treatment, unsealed mitochondria increased Endo G 
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expression in recipient cells (Fig. 3I). Also both isolated 
and unsealed mitochondria extracted from miR-965-
treated cells decreased Mcl-1 in recipient cells (Fig. 3J). 

Finally, antagomir treatment attenuated the miRNA-
induced apoptotic genes (Fig. 3E-H), with the exception 
of Endo G (Fig. 3I).

Fig. 1 Small size vesicles in abdominal shell membrane of Marsupenaeus japonicas. (A) Photograph of abdominal shell membrane and muscle 
from dissected Marsupenaeus japonicas. Ultrastructure of (B) shell membrane showing small size vesicles (arrows) and (C) abdominal muscle. The 
muscle (D) and shell membrane (E) were pulverized with a mortar and miRNA microarray determined. Apoptosis (F) and cleaved caspase‑3 (G) 
were determined using ELISA kit. (H–K) Proteins were extracted from MDA‑MB‑453 cells and expression of cytochrome C, Endo G, or Mcl‑1 was 
determined using western blotting. Results are the means ± SE of 6 experiments in each group. *Significantly different from all other groups, 
P < 0.05
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Fig. 2 Apoptosis of MDA‑MB‑453 in response to crustacean miRNA. Following treatment with (A) synthetic miR‑965 or (B) its antagomir, cell 
images were 3D rendered with top views by tomographic microscopy at 0, 4, or 5 h. Adjacent cells were digitally stained in green or red. Cells were 
fixed up to 5 h and apoptosis (C) and caspase‑3 (D) were determined using ELISA kit. (E–H) Proteins were extracted from MDA‑MB‑453 cells and 
expression of cytochrome C, Endo G, or Mcl‑1 was determined using western blotting. Results are the means ± SE of 6 experiments in each group. 
*Significantly different from treatment of miRNA negative control (NC), P < 0.05. #Significantly different from treatment of miR‑965, P < 0.05
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Fig. 3 Mitochondrial transport through tunneling nanotubes or narrow microfluidic system. (A) Following treatment of synthetic miR‑965, 
refractive index images of MDA‑MB‑453 were enlarged at 60, 62, 64, or 66 min. Mitochondria were stained with mitotracker and indicated by arrow. 
Adjacent cells were digitally colored in red or green and named R and G. (B) Mitochondria were isolated from miR‑965 or its antagomir‑treated cells 
by centrifugation at 5800 × g for 5 min. The isolated mitochondria were exposed to recipient cells directly or through microfluidics for up to 5 h. The 
microfluidic mold made by pouring polydimethylsiloxane (PDMS) on cotton candy with a diameter of around 950 nm. (C) Transverse cross‑sections 
of microfluidic ultra‑structures using electron microscopy. (D) Transfer of mitochondria was visualized with mitotracker at 490 nm. Apoptosis (E) and 
caspase‑3 (F) were determined using ELISA kit. (G-J) Proteins were extracted from MDA‑MB‑453 cells and expression of cytochrome C, Endo G, or 
Mcl‑1 was determined using western blotting. Results are the means ± SE of 6 experiments in each group. *Significantly different from treatment of 
miRNA negative control (NC), P < 0.05. #Significantly different from treatment of unsealed mitochondria following miR‑965, P < 0.05
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Fig. 4 Mitochondria disgorged Endo G in narrow space. (A) Following treatment of miR‑965, refractive index images of MDA‑MB‑453 were 
immunostained to detect Endo G (orange; indicated by arrow) at 60 or 66 min. Adjacent cells were digitally colored in red or green and named 
R and G. (B) ENDOG expression was measured using RT‑PCR at 60 or 66 min. (C) Levels of Endo G miRNA in MDA‑MB‑453 treated with ENDOG 
CRISPR‑plasmid ( +) or control CRISPR‑plasmid (‑). (D) Mitochondria isolated from Endo G knockout cells were passed through microfluidics into 
Endo G deficient MDA‑MB‑453. Following knock down of Endo G, apoptosis (E) and cleaved caspase‑3 (F) were determined using ELISA kit and 
(G-J) the level of cytochrome C, Endo G, or Mcl‑1 were determined using western blotting. Results are the means ± SE of 6 experiments in each 
group. *Significantly different from treatment of unsealed mitochondria following miRNA negative control (NC), P < 0.05. #Significantly different from 
treatment of unsealed mitochondria from Endo G + / + cells, P < 0.05
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Endo G is essential for apoptosis through cellular transport 
of mitochondria
We noted an accumulation of Endo G protein in the sub-
cellular region proximal to the adjacent cell at 66  min 
post treatment with miR-965 (Fig.  4A, Supplementary 
Fig. 2A). This surge in protein levels was not associated 
with any differences in mRNA levels (Fig. 4B, Supplemen-
tary Fig. 2B-H). We posit that Endo G was released by the 
tunneled mitochondria. In order to better understand the 
effects of mitochondrial Endo G, ENDOG was knocked 
down using CRISPR-plasmid and confirmed using a real 
time-PCR (Fig.  4C). Following treatment with miR-965, 
mitochondria were isolated from MDA-MB-453 cells 
with or without ENDOG knockdown (Fig. 4D). ENDOG 
deficient cells were then treated with unsealed mito-
chondria referred herein as unsealed mitochondria β. 
Regardless of microRNA treatment, the unsealed mito-
chondria β from ENDOG deficient cells did not induce 
apoptosis (Fig. 4E). However, the unsealed mitochondria 
β from ENDOG deficient cells still increased caspase-3 
and cytochrome C (Fig. 4F-H). In addition, the unsealed 
mitochondria β did not increase Endo G (Fig.  4I), but 
decreased Mcl-1 levels (Fig.  4J). Taken together the 
results indicate that disgorged Endo G through tunneling 
nanotubes is essential to promote tumor cell apoptosis.

Unsealed mitochondria have a synergistic effect 
with doxorubicin
In order to assess the lethal effects of unsealed mito-
chondria in  vivo, mice with DMBA-induced mammary 
carcinoma were treated with miR-965, doxorubicin, or 
unsealed mitochondria (Fig.  5A). We refer to isolated 
mitochondria from the miR-965 treated cells that have 
passed through the microfluidics as unsealed mitochon-
dria γ (Fig. 5B). 5 mg/kg of doxorubicin reduced the tumor 
volume, whereas 0.05  mg/kg of doxorubicin or miR-965 
alone did not have any tumoritoxic effects (Fig. 5C). How-
ever, even at low concentrations of doxorubicin at 0.05 mg/
kg, tumor growth was inhibited together when combined 
with unsealed mitochondria γ (Fig. 5C and D). In keeping 
with well-known cardiotoxic effects of doxorubicin, car-
diac fractional shortening and ejection fraction decreased 

in the doxorubicin group at 5 mg/kg (Fig. 5E-G). However, 
0.05 mg/kg of doxorubicin or the unsealed mitochondria γ 
did not lead to any adverse cardiac effects (Supplementary 
Fig.  1E and F). Overall, mitochondria through tunneling 
nanotubes can effectively synergize with subtoxic levels of 
doxorubicin to cause tumor cell death (Fig. 5H).

Discussion
As the shell of crustaceans has been known to inhibit the 
growth of tumor, we carefully observed the shell struc-
ture of Marsupenaeus japonicas [25, 26]. In the shell 
membrane, a number of micro vesicles were found with 
predominance of mja-miR-965. We found that miR-965 
was effective in inducing apoptosis of MDA-MB-453 
cancer cells through transcellular migration of mitochon-
dria via tunneling nanotubes.

While transcellular migration of mitochondria through 
tunneling nanotubes has been generally shown to impede 
apoptosis and optimize metabolism [3, 6, 9], we show in 
this study that this notion can also cause cytotoxic effects. 
Biggest challenge in this area of investigation has been 
with obtaining accurate imaging of tunneling nanotubes 
and mitochondria using optical microscopy. Difficulties 
around processing using chemicals and fixatives in addi-
tion to the limitations of two-dimensionality can contrib-
ute to the overall limitations of accurate assessment of 
tunneling nanotubes and mitochondria. Therefore we used 
tomographic microscopy which can provide the internal 
structure of cell images from multiple angles and render 
digitally reconstructed images according to the difference 
in refractive index, whereby tunneling nanotubes and 
mitochondria can be distinguished and visualized without 
special staining [14, 16]. Using such tomographic images, 
we reveal that mitochondria migrated to an adjacent cell 
through tunneling nanotubes to trigger apoptosis. Intrigu-
ingly, migration of mitochondria alone did not lead to 
apoptosis. Therefore, we hypothesized that an additional 
factor was needed for apoptosis to proceed.

It has been known that in addition to caspase-3, Endo 
G is critical for apoptosis [27]. Intriguingly, we found an 
increase in Endo G following passing of mitochondria 

Fig. 5 Effect of unsealed mitochondria in DMBA induced mammary carcinoma mouse. (A) Beginning at 5 weeks of age, female mice were given 
1 mg of DMBA by oral gavage and 30 mg of subcutaneous pellets of MPA for 6 weeks. Mice with DMBA‑induced mammary carcinoma were treated 
with doxorubicin or unsealed mitochondria γ. Doxorubicin was administered weekly by intraperitoneal injection (5 mg/kg or 0.05 mg/kg body 
weight) for 4 weeks. Unsealed mitochondria γ were administered weekly with 1 ×  104 per gram of body weight via the tail vein. The arrow indicates 
the injection days. (B) Schemata of the experimental setup to generate unsealed mitochondria γ using nano size‑microfluidic device. (C-D) Bar 
graph or images of tumor volume change for mice treated with doxorubicin or unsealed mitochondria. (E) M‑mode echocardiographic images 
from mice with DMBA‑induced mammary carcinoma treated with doxorubicin or unsealed mitochondria. (F-G) Fractional shortening and ejection 
fraction were determined from the M‑mode images. (H) Mitochondria from tunneling nanotube‑released Endo G promoted breast tumor cell 
apoptosis with increased cleaved caspase‑3. Results are the means ± SE of 6 experiments in each group. *Significantly different from treatment of 
0 mg/kg doxorubicin, P < 0.05. #Significantly different from treatment of 5 mg/kg doxorubicin, P < 0.05

(See figure on next page.)
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Fig. 5 (See legend on previous page.)
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through the tunneling nanotube. Since this was not asso-
ciated with mRNA of Endo G, we posit that this accu-
mulation of Endo G occurred as a result of release from 
transported mitochondria. To recapitulate this process, 
PDMS was poured onto cotton candy fibers with a diameter 
of about 950 nm to create a tunneling nanotube-like device. 
Mitochondria that have passed through the narrow nano-
sized area which we referred to herein as unsealed mito-
chondria and the organelles from miR-965-treated cells 
induced apoptosis of breast tumor cells. In contrast, mito-
chondria of cells treated with its antagomir did not induce 
the tumor cell death. Moreover, unsealed mitochondria 
increased the amount of Endo G in recipient cancer cells 
regardless of miR-965. To confirm the relationship between 
mitochondria and Endo G, experiments were performed 
on breast tumor cells deficient in ENDOG. Mitochondrial 
delivery from miR-965-treated ENDOG-deficient cells did 
not induce cell death despite passing through a microflu-
idic system. In summary, miR-965 triggers effective tumor 
apoptosis by releasing Endo G in the recipient cells after 
transcellular migration of mitochondria.

To assess the role of this process in  vivo, mice with 
DMBA-induced mammary carcinoma were adminis-
tered with doxorubicin or unsealed mitochondria. While 
unsealed mitochondria from miR-965-alone did not have 
tumoricidal effects, it effectively synergized with subtoxic 
dose doxorubicin in reducing tumor size thereby sparing its 
well-known cardiotoxic effects. Although the mechanism 
of the unsealed mitochondria in the heart is unknown, 
reported studies suggest that Endo G is involved in cell sur-
vival rather than apoptosis of cardiomyocytes [28].

Taken together, we show that the mitochondria of 
microfluidics may provide novel strategies to effectively 
kill tumor cells. Lethal effects of mitochondria can poten-
tially be harnessed using physical properties of delivery.

Conclusion
In summary, our study revealed that shrimp miRNA 
could regulate the number of breast tumor cells. The 
mechanism was involved in lethal mitochondria through 
tunneling nanotubes. We reproduced the physical prop-
erties of delivery with microfluidics, which provide novel 
strategies to effectively kill tumor cells.

Materials and methods
Animal treatment
All mice were in C57BL/6 (RRID: 2,159,769) background 
and purchased from Charles River. All experiments using 
animals were approved and performed by the Ewha Wom-
ans University Animal Care Committee (Guide for the care 
and use of laboratory animals; IRB number: ESM14-0260). 
Forty female mice were each given weekly 1  mg doses of 
7,12-Dimethylbenzathracene (DMBA) in 0.2 ml of sesame 

oil by oral gavage for six weeks and were implanted with 
30 mg pellets of compressed medroxyprogesterone acetate 
(MPA) subcutaneously beginning at 5 weeks of age. Doxo-
rubicin was administered weekly by intraperitoneal injec-
tion (5 mg/kg body weight, 300 μl injection volume) for four 
weeks. Mice were then maintained for an additional week.

Cell culture
Human breast cancer cell lines, MDA-MB-453 (ATCC; 
RRID: CVCL_0418), was maintained in Dulbecco’s 
MEM (11,885, Gibco, USA) with 10% fetal bovine serum 
(16,000,044, Gibco, USA) at 37  °C under an atmosphere 
of 95%  O2 and 5%  CO2. Cells were exposed to miRNA 
negative control (MMIR-000-PA-1, System Biosciences), 
synthetic miR-965 or its antagomir (Bioneer, South 
Korea) using a kit from System Biosciences (EXFT10A-1, 
System Biosciences) for 5 h.

Optical tomographic microscope
Green light (λ = 520  nm, exposure 0.2 mw/mm2) from a 
laser diode was split into cells and reference beam at Nano-
live (3D cell explorer, Switzerland). Cells were illuminated 
with a laser beam inclined at 45° which rotated around 
the sample 360°. Holographic images were recorded on 
a digital camera by combining the beam that had passed 
through the cells with the reference beam. 3D cell images 
were recorded up to 30  μm depth of reconstruction. 
Mitochondria were visualized with MitoTracker (M7514, 
Thermo Fisher Scientific, USA) at 490 nm.

Experimental procedures using microfluidic device
Cotton candy sheets were sealed with polydimethylsiloxane 
(PDMS) to construct microfluidic mold. After hardening, 
cotton candy fibers were removed by perfusing with water 
to make microfluidic mold of approximately 950 nm. Each 
microfluidic device was connected by polythene tubing 
(PE10, Braintree scientific, USA) with an inner diameter of 
0.28 mm. Fluid flow was controlled by individual peristal-
tic pump (3,200,243, Dolomite, UK). Isolated mitochondria 
were introduced to microfluidic devices at a flow rate of 
10–30 μm/s. After passing through the microfluidic chan-
nels, mitochondria were transported into cells.

Analysis of RNA using real-time PCR
RNA levels of ENDOG (Hs00172770_m1) were deter-
mined using primer/probe set from Life Technology. 
Real-time PCR was performed with TaqMan universal 
PCR Master Mix on an ABI Real time PCR System 7000 
(Applied Biosystems, USA). PCR conditions were 50  °C 
for 2 min and 95 °C for 10 min, followed by 40 cycles of 
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95 °C for 15 s and 60 °C for 1 min. For each experimen-
tal sample, the relative abundance value was normal-
ized to the value derived from ACTB (Hs03023943_g1, 
Life Technology) as housekeeping control gene. Rela-
tive mRNA levels were quantified using the comparative 
 2−ΔΔCT method. The extracted miRNA were determined 
using microarray service (Macrogen, South Korea).

ELISA for detection of apoptosis or caspase-3 activity
Apoptosis was determined using ssDNA ELISA Kit 
(APT225, Sigma-Aldrich, USA). Briefly, cell plates were 
fixed and incubated with ABTS solution for 30  min to 
allow binding to HRP at 37  °C. To denature DNA, cell 
plates were incubated for 20 min at 75 °C. After cooling 
at 4  °C for 5  min, plates were blocked in 5% skim milk 
(70,166, Sigma-Aldrich) in PBS at 37 °C for 1 h. Cells were 
incubated with antisera mixture for 30 min and washed 
with PBS. After treatment with stop solution, absorbance 
was measured at 405  nm. Caspase-3 activity was deter-
mined using Cleaved Caspase-3 ELISA kit (ab220655, 
abcam, USA). Cells were fixed and incubated with anti-
body cocktail at 37 °C for 1 h, then washed and incubated 
with TMB solution for 30 min. After treatment with stop 
solution, absorbance was measured at 450 nm.

Western blot
Cells were homogenized and centrifuged at 5,000  g for 
20  min. Protein content of the supernatant was diluted, 
boiled with sample loading dye, and 100 mg were loaded 
in SDS-PAGE (4561033EDU, Bio-Rad). After blot-
ting, membranes were blocked in 5% skim milk (70,166, 
Sigma-Aldrich) in PBS containing 0.1% Tween-20 (P1379, 
Sigma-Aldrich). Membranes were incubated with antisera 
directed against cytochrome C (1:1000; #11,940, RRID: 
AB_2637071, Cell signaling technology, USA), Endo G 
(1:1000; #4969, RRID: AB_2098768, Cell signaling tech-
nology, USA), Mcl-1 (1:1000; ab28147, RRID: AB_776246, 
abcam, USA), or β-actin (1:1000; sc-47778, RRID: 
AB_626632, Santacruz Biotechnology, USA), then with 
secondary antibodies (mouse-specific HRP-conjugated 
antibody or rabbit-specific HRP-conjugated antibody). 
Bands were visualized using ECL (32,106, Thermo Scien-
tific) detection kit and quantified by densitometry.

Mitochondrial isolation and transfer
Cells were harvested from culture dishes with homog-
enization buffer (20 mM HEPES–KOH, 220 mM manni-
tol, and 70  mM sucrose) containing a protease inhibitor 
mixture (Sigma-Aldrich) and centrifuged at 2300 × g for 
5 min. The cell pellet was resuspended with homogeniza-
tion buffer and incubated on ice for 5  min at 4  °C. Cells 

were ruptured by 10 strokes using a 27-gauge needle. The 
homogenate was centrifuged at 5800 × g for 5  min, and 
mitochondria were harvested. The amount of isolated 
mitochondria was expressed as protein concentration by 
using the Bio-Rad protein assay kit (Bio-Rad, Richmond, 
USA). Mitochondrial transfer was conducted by co-incu-
bating isolated mitochondria with cells (1 ×  105 cells/well 
of a 6-well plate) at 37 °C under 5%  CO2 for up to 10 h. For 
in vivo experiments, mice were administered weekly with 
1 ×  104 isolated mitochondria per gram of body weight via 
the tail vein.

Transmission electron microscopy
We fixed the tissues of Marsupenaeus japonicas or mold 
of cotton candy-microfluidic with 3% buffered glutaralde-
hyde (G5882, Sigma-Aldrich) for 2  h and processed into 
resin (02,334, Polysciences, German). After embedding, 
the resin block was thin-sectioned by ultramicrotomy. Sec-
tions of 50–70 nm thickness were collected on metal mesh 
and stained with electron dense particles before imaging 
of ultrastructures, using the transmission electron micro-
scope (H-7650, Hitachi-Science & Technology, Japan).

CRISPR-mediated gene deletion
Clustered regularly interspaced short palindromic repeats 
(CRISPR) transfection of ENDOG in MDA-MB-453 was 
performed using a kit from Santa Cruz (sc-395739, San-
tacruz Biotechnology, USA). Briefly, in six-well culture 
plates,  106 cells were plated and exposed to the ENDOG 
plasmid (sc-403263, Santacruz Biotechnology, USA) or 
negative control-CRISPR plasmid (sc-418922, Santacruz 
Biotechnology, USA) solution for 8 h at 37 ℃ in a  CO2 incu-
bator. Then, media was changed to Dulbecco’s MEM with 
10% fetal bovine serum and incubated for another 18 h. The 
ENDOG expression was determined using RT-PCR.

Echocardiographic assessment
For echocardiography, Vevo 2100 was used at Cardio-
vascular Research Center in Seoul. Mice were anes-
thetized with 2% isoflurane and maintained with 1.5% 
isoflurane followed by application of depilatory cream 
to the chest and wiped clean to remove all hair in the 
area of interest. The scanning probe (20 MHz) was used 
to obtain 2D images of the parasternal long axis. These 
2D images were converted to M-mode.

Statistical analysis
Values were means ± SE. The significance of differ-
ences was determined by a two-way analysis of vari-
ance (ANOVA), or a one way ANOVA followed by a 



Page 11 of 12Kim et al. Biological Procedures Online           (2022) 24:16  

Author details
1 Department of Pharmacology, College of Medicine, Ewha Womans University, 
Magokdong‑Ro 2‑Gil, Gangseogu, Seoul 07804, Republic of Korea. 2 Depart‑
ment of Internal Medicine, College of Medicine, Ewha Womans University, 
Seoul, Republic of Korea. 3 Department of Physiology and Tissue Injury Defense 
Research Center, College of Medicine, Ewha Womans University, Seoul, 
Republic of Korea. 4 Toronto General Hospital Research Institute and Division 
of Endocrinology and Metabolism, Department of Medicine, University Health 
Network, University of Toronto, Toronto, ON, Canada. 

Received: 4 July 2022   Accepted: 19 October 2022

References
 1. Soundara Rajan T, Gugliandolo A, Bramanti P, Mazzon E. Tunneling 

nanotubes‑mediated protection of mesenchymal stem cells: an update 
from preclinical studies. Int J Mol Sci. 2020;21(10):3481.

 2. Liu D, Gao Y, Liu J, Huang Y, Yin J, Feng Y, Shi L, Meloni BP, Zhang C, Zheng 
M, et al. Intercellular mitochondrial transfer as a means of tissue revitaliza‑
tion. Signal Transduct Target Ther. 2021;6(1):65.

 3. Wang X, Gerdes HH. Transfer of mitochondria via tunneling nanotubes 
rescues apoptotic PC12 cells. Cell Death Differ. 2015;22(7):1181–91.

 4. Denisenko TV, Gorbunova AS, Zhivotovsky B. Mitochondrial involvement 
in migration, invasion and metastasis. Front Cell Dev Biol. 2019;7:355.

 5. Kim DY, Jung SY, Kim YJ, Kang S, Park JH, Ji ST, Jang WB, Lamichane S, 
Lamichane BD, Chae YC, et al. Hypoxia‑dependent mitochondrial fission 
regulates endothelial progenitor cell migration, invasion, and tube forma‑
tion. Korean J Physiol Pharmacol. 2018;22(2):203–13.

 6. Zampieri LX, Silva‑Almeida C, Rondeau JD, Sonveaux P. Mitochondrial 
transfer in cancer: a comprehensive review. Int J Mol Sci. 2021;22(6):3245.

 7. Herst PM, Dawson RH, Berridge MV. Intercellular communication in tumor 
biology: a role for mitochondrial transfer. Front Oncol. 2018;8:344.

 8. Han H, Hu J, Yan Q, Zhu J, Zhu Z, Chen Y, Sun J, Zhang R. Bone marrow‑
derived mesenchymal stem cells rescue injured H9c2 cells via transferring 
intact mitochondria through tunneling nanotubes in an in vitro simu‑
lated ischemia/reperfusion model. Mol Med Rep. 2016;13(2):1517–24.

 9. Liu K, Ji K, Guo L, Wu W, Lu H, Shan P, Yan C. Mesenchymal stem cells 
rescue injured endothelial cells in an in vitro ischemia‑reperfusion model 
via tunneling nanotube like structure‑mediated mitochondrial transfer. 
Microvasc Res. 2014;92:10–8.

 10. Figeac F, Lesault PF, Le Coz O, Damy T, Souktani R, Trebeau C, Schmitt A, 
Ribot J, Mounier R, Guguin A, et al. Nanotubular crosstalk with distressed 
cardiomyocytes stimulates the paracrine repair function of mesenchymal 
stem cells. Stem Cells. 2014;32(1):216–30.

 11. Babenko VA, Silachev DN, Popkov VA, Zorova LD, Pevzner IB, Plotnikov EY, 
Sukhikh GT, Zorov DB. Miro1 enhances mitochondria transfer from Multi‑
potent Mesenchymal Stem Cells (MMSC) to neural cells and improves the 
efficacy of cell recovery. Molecules. 2018;23(3):687.

 12. Brestoff JR, Wilen CB, Moley JR, Li Y, Zou W, Malvin NP, Rowen MN, Saun‑
ders BT, Ma H, Mack MR, et al. Intercellular mitochondria transfer to mac‑
rophages regulates white adipose tissue homeostasis and is impaired in 
obesity. Cell Metab. 2021;33(2):270‑282 e278.

 13. Baldwin JG, Gattinoni L. Cancer cells hijack T‑cell mitochondria. Nat Nano‑
technol. 2022;17(1):3–4.

 14. Kim K, Kim KS, Park H, Ye JC, Park Y. Real‑time visualization of 3‑D dynamic 
microscopic objects using optical diffraction tomography. Opt Express. 
2013;21(26):32269–78.

 15. Prabhu D, Mehanna E, Gargesha M, Wen D, Brandt E, van Ditzhuijzen NS, 
Chamie D, Yamamoto H, Fujino Y, Farmazilian A, et al. 3D registration of intra‑
vascular optical coherence tomography and cryo‑image volumes for micro‑
scopic‑resolution validation. Proc SPIE Int Soc Opt Eng. 2016;9788:97882C.

 16. Kim G, Lee M, Youn S, Lee E, Kwon D, Shin J, Lee S, Lee YS, Park Y. Measure‑
ments of three‑dimensional refractive index tomography and membrane 
deformability of live erythrocytes from Pelophylax nigromaculatus. Sci 
Rep. 2018;8(1):9192.

 17. Zhanghao K, Liu W, Li M, Wu Z, Wang X, Chen X, Shan C, Wang H, Chen 
X, Dai Q, et al. High‑dimensional super‑resolution imaging reveals 

Bonferroni post-hoc analysis where appropriate. Differ-
ences were considered significant when P < 0.05.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12575‑ 022‑ 00178‑8.

Additional file 1: Supplementary Figure 1. Morphology and apoptosis 
in breast tumor cells. (A) Using tomographic microscopy, the number 
of filopodia was measured in primary epithelial breast tumor cells and 
MDA‑MB‑453. (B and C) Viability and morphology of MDA‑MB‑453 were 
observed for 48 h. (D) Efficiency of stained mitochondria uptake into 
MDA‑MB‑453. (E) Comparison of unsealed mitochondria derived from 
DMBA‑induced mammary carcinoma. (F) Role of unsealed mitochondria 
on apoptosis in cardiomyocytes and breast epithelial cells. Results are the 
means ± SE of 6 experiments in each group. *Significantly different from 
treatment of Rapamycin and Y27632 for 0 h, P < 0.05. #Significantly differ‑
ent from unsealed mitochondria on isolated cardiomyocyte, P < 0.05.

Additiona file 2: Supplementary Figure 2. The relationship between 
Endo G and apoptosis. (A) Following treatment of miR‑965, refractive 
index images of MDA‑MB‑453 were immunostained to detect Endo G 
(orange) or mitochondria (green). Adjacent cells were digitally colored in 
red or green and named R and G. (B‑E) Isolated mitochondria or unsealed 
mitochondria were produced in large quantities from approximately 6 X 
 108 MDA‑MB‑453 cells. After precipitating mitochondria with a centrifuge, 
the supernatant of these samples were lyophilized and western blotting 
was performed for Endo G detection. (E‑H) Transfection of Endo G ORF 
lentiviral particles (Origene, RC205089L1V) into MDA‑MB‑453 cells did not 
induce apoptosis. Results are the means ± SE of 6 experiments in each 
group. *Significantly different from treatment of isolated mitochondria, P 
< 0.05. #Significantly different from treatment of miRNA negative control, 
P < 0.05.

Acknowledgements
We thank medical students (Minsu Sohn, Chowon Baek, Hyeon Sang Yun, 
Seyeon Lee, Il Jung Doh, Yoori Kim, Youkyoung Shin, Minjung Park, and Min 
Kyung Kim) for helping to culture tumor cells.

Authors’ contributions
HK performed experiments. JHC, CMM, and JLK conceptualized and designed 
the study. MW edited manuscript. MK designed and performed experiments, 
analyzed data, prepared figures and wrote manuscript. The author(s) read and 
approved the final manuscript.

Funding
This work was supported by the National Research Foundation of Korea (NRF) 
grant (2020R1A5A2019210 and 2019R1C1C1003384) funded by the Korean 
government (MSIT).

Availability of data and materials
All data supporting the findings of this study are available within the paper.

Declarations

Ethics approval and consent to participate
The authors are accountable for all aspects of the work in ensuring that 
questions related to the accuracy or integrity of any part of the work are 
appropriately investigated and resolved. This study was approved by the eth‑
ics committee and institutional review board of Ewha Womans University.

Consent for publication
All authors read and approved the final version of the manuscript.

Competing interests
The authors declare that they have no conflict of interests.

https://doi.org/10.1186/s12575-022-00178-8
https://doi.org/10.1186/s12575-022-00178-8


Page 12 of 12Kim et al. Biological Procedures Online           (2022) 24:16 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

heterogeneity and dynamics of subcellular lipid membranes. Nat Com‑
mun. 2020;11(1):5890.

 18. Lee RC, Feinbaum RL, Ambros V. The C. elegans heterochronic gene 
lin‑4 encodes small RNAs with antisense complementarity to lin‑14. Cell. 
1993;75(5):843–54.

 19. van Rooij E, Olson EN. MicroRNAs: powerful new regulators of 
heart disease and provocative therapeutic targets. J Clin Investig. 
2007;117(9):2369–76.

 20. Rayner KJ, Hennessy EJ. Extracellular communication via microRNA: lipid 
particles have a new message. J Lipid Res. 2013;54(5):1174–81.

 21. Wu W, Dai C, Duan X, Wang C, Lin X, Ke J, Wang Y, Zhang X, Liu H. miRNAs 
induced by white spot syndrome virus involve in immunity pathways in 
shrimp Litopenaeus vannamei. Fish Shellfish Immunol. 2019;93:743–51.

 22. Wu W, Xu C, Zhang X, Yu A, Shu L. Shrimp miR‑965 induced the human 
melanoma stem‑like cell apoptosis and inhibited their stemness by 
disrupting the MCL‑1‑ER stress‑XBP1 feedback loop in a cross‑species 
manner. Stem Cell Res Ther. 2020;11(1):248.

 23. Clohessy JG, Zhuang J, de Boer J, Gil‑Gomez G, Brady HJ. Mcl‑1 interacts 
with truncated Bid and inhibits its induction of cytochrome c release and 
its role in receptor‑mediated apoptosis. J Biol Chem. 2006;281(9):5750–9.

 24. Germain M, Duronio V. The N terminus of the anti‑apoptotic BCL‑2 
homologue MCL‑1 regulates its localization and function. J Biol Chem. 
2007;282(44):32233–42.

 25. Zhang X, Niu S, Williams GR, Wu J, Chen X, Zheng H, Zhu LM. Dual‑
responsive nanoparticles based on chitosan for enhanced breast cancer 
therapy. Carbohyd Polym. 2019;221:84–93.

 26. Srinivasan H, Kanayairam V, Ravichandran R. Chitin and chitosan prepara‑
tion from shrimp shells Penaeus monodon and its human ovarian cancer 
cell line, PA‑1. Int J Biol Macromol. 2018;107(Pt A):662–7.

 27. van Loo G, Schotte P, van Gurp M, Demol H, Hoorelbeke B, Gevaert 
K, Rodriguez I, Ruiz‑Carrillo A, Vandekerckhove J, Declercq W, et al. 
Endonuclease G: a mitochondrial protein released in apoptosis and 
involved in caspase‑independent DNA degradation. Cell Death Differ. 
2001;8(12):1136–42.

 28. Blasco N, Camara Y, Nunez E, Bea A, Bares G, Forne C, Ruiz‑Meana M, Giron 
C, Barba I, Garcia‑Arumi E, et al. Cardiomyocyte hypertrophy induced by 
Endonuclease G deficiency requires reactive oxygen radicals accu‑
mulation and is inhibitable by the micropeptide humanin. Redox Biol. 
2018;16:146–56.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Shrimp miR-965 transfers tumoricidal mitochondria
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Introduction
	Results
	Crustacean miRNA induces apoptosis of breast tumor cells
	Physical mimics of tunneling nanotubes in breast tumor cells
	Endo G is essential for apoptosis through cellular transport of mitochondria
	Unsealed mitochondria have a synergistic effect with doxorubicin

	Discussion
	Conclusion
	Materials and methods
	Animal treatment
	Cell culture
	Optical tomographic microscope
	Experimental procedures using microfluidic device
	Analysis of RNA using real-time PCR
	ELISA for detection of apoptosis or caspase-3 activity
	Western blot
	Mitochondrial isolation and transfer
	Transmission electron microscopy
	CRISPR-mediated gene deletion
	Echocardiographic assessment
	Statistical analysis

	Acknowledgements
	References


