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ABSTRACT

The mitochondrion is most notably known as the powerhouse of the cell, but
malfunctions of this organelle have underscored its importance in a myriad of aspects.
Mitochondrial disease has been linked to cancer,' aging, and neurodegenerative illnesses,” like
dementia. Replacement of the mitochondrion and its genetic material has been the basis of
mitochondrial therapy, but studies replacing mitochondrial DNA (mtDNA) have displayed
reversion to parental mtDNA. Little is known about the mechanisms underpinning this
phenomenon, with it possibly occurring exclusively in humans.® Consequently, the transfer of
whole mitochondria appears a more viable option: it’s proven to be successfully moved between
cells.*? However, the current methods for horizontal transfer have failed to address maintaining
mitochondrial quality,’ preserving function over longer periods of time, and the conflicting
results of uptake.!®!! Contrastly, centrifugation has demonstrated to be a simpler and efficient

method for mitochondrial transfer and capable of preserving quality over longer periods.>



SUMMARY

The objective of this experimental study is to assess the effectiveness of centrifugation
for mitochondrial transfer between cells in comparison to existing methods: co-culturing and
microinjection. Currently, there are no methods of successful mitochondrial transfer that can
preserve mitochondrial quality while sustaining function over long periods of time.!?

The mitochondrion has its own genetic material— 37 genes specifically— and thirteen of
which are involved in the synthesis of adenosine triphosphate (ATP), the cell’s main source of
energy, during cellular respiration. The remaining genes are instrumental in the process of
assembling proteins.!> As mtDNA is regularly exposed to harmful products of cellular
respiration, it’s more susceptible to damage than nuclear DNA.!* Genetic mutations in this
organelle can give rise to Mitochondrial disease, a condition affecting 1 in 5000 adults.!> This
general term encompasses a myriad of conditions indiscriminately affecting organ systems.
Depending on which cells are affected, Dr. Falk, a physician from the Children’s Hospital of
Philadelphia, states patients can experience up to 16 different symptoms ranging from mild to
fatal conditions such as strokes, muscle weakness, liver failure, and respiratory problems. '
Currently, some mitochondrial transfer techniques involve genetic modification called
Mitochondrial Replacement Therapy (MRT). However, this method is prohibited under federal
law. Consequently, the horizontal transfer of the mitochondria is solely at the forefront of
combating Mitochondrial disease, but established techniques are unable to preserve
mitochondrial quality over a long time and need improvements. With that said, centrifugation
has the potential to advance whole mitochondrial transfer to clinical applications and ultimately

pioneer treatment for Mitochondrial disease.



CURRENT SOLUTIONS

Current methods of whole mitochondrial transfer assessed here are co-culture and
microinjection. Co-culture involves a controlled environment of liquid media (cell culture) in
which two or more cell types grow. Scientists have used this technique in mitochondrial transfer
by pairing a cell with a functional mitochondrion and one without. In one study, bone marrow
stem cells and p° cells (cells deprived of mtDNA) were co-cultured and mitochondrial transfer
from the stem cells to p° cells was successful. However, analyses of p° mtDNA displayed several
gene sequences absent while some cells had acquired a functional mitochondrion.!” In this and
other studies, the p° cells were treated with ethidium bromide, a molecule that binds to DNA,
considerably changing its structure and interfering with DNA replication and repair. In another
recent study using co-culture, it improved mitochondrial function; functional gain of the new
mitochondria was assessed via resazurin-based assays (dye-based) which track the reduction of
living cells.® However, the internalized mitochondria disappeared within a week, indicative of
limited functionality. Ultimately, although co-culture enables successful transfer, it is unable to
sustain mitochondrial functionality over long durations.

Another method that has been investigated is microinjection, a protocol involving the
injection of the mitochondria into the cell. Studies using this method have been done on gametes
(sex cells). In one experiment, 217 fertilized cells, or zygotes, were injected with foreign
mitochondria. Only 67 zygotes survived and 37 continued development.” Twenty-three of the
cells that did continue to develop showed detectable amounts of foreign mtDNA. Evidently,
microinjection has demonstrated to impede development and lower cell viability. Another study
also injected a control group of cells with buffer. While microinjection of buffer had 98.8%

survival, cells injected with mitochondria had only 56.5% survival.!® In this experiment, the



mitochondria were separated using differential centrifugation, whereby cellular components are
separated by mass. The mitochondrial suspension was then injected using a micromanipulator, a
device used to physically work with microscopic samples; mtDNA was detected using PCR
analysis. The lower rate of cell development shown in this study can be attributed to the use of
somatic (non-sex) mitochondria in sex cells: the mitochondria was possibly detected as foreign
within the cell, inhibiting development. On the other hand, another explanation can be that
gametes are not as receptive to mitochondria as somatic cells.

Nonetheless, from the results of these aforementioned studies, neither method can

preserve mitochondrial quality over time, leading to lower cell viability.

PROPOSED SOLUTION

In lieu of co-culture and microinjection, I suggest another method that has been
investigated drastically less but has the potential to overcome the insufficiencies of its
counterparts— centrifugation. Research scientist, Pavel Moroz theorized that centrifugal force
can enable organelle transfer by forcing the mitochondria into targeted calls.!® One study on this
phenomenon focuses on the importance of both cell membrane permeability and centrifugal
force in enabling mitochondrial uptake. The group isolated mitochondria from human umbilical
cord-deprived stem cells (UC-MSCs) and spun desired amounts of mitochondria and targeted
cells together at 1,500 x g for 5 minutes.® Targeted cells, which included cancer cells, were
primed with PF-68, a substance that inserts itself into the plasma membrane, thus making it more
permeable.?’ Amounts of PF-68 had a direct correlation with the amount of mitochondria
entering targeted cells. Most notably, the study indicated that if the targeted cells were primed

with PF-68, but no centrifugal force was imposed on it and the isolated mitochondria, then



horizontal transfer did not occur. Additionally, centrifugation yielded high mtDNA numbers than
co-culture (see Appendix A).’

With that said, in my proposed study, I plan to replicate this experimental design
including the component of executing co-culture as a basis of comparison. Mitochondria from
mesenchymal stem cells (MSCs) will be isolated using differential centrifugation and then
transferred into PC12 cells (a cell line derived from rats which has a phenotype similar to
sympathetic ganglion neurons).?! These specific cells were chosen because MSCs make up
sympathetic nerves, and their malfunctions are causative factors of stroke in rats, a condition that
can occur from Mitochondrial disease in humans.?? Using these cell types will have direct
implications on stroke and ultimately, Mitochondrial disease. The PC12 cells will be treated with
varying amounts of ethidium bromide to deplete mtDNA; afterwards, they’ll be primed with PF-
68 and spun with the isolated mitochondria at 1,500 x g for 5 minutes. In this proposal, MSCs
and PC12 cells will also be placed in a co-culture to assess mitochondrial uptake in comparison
to centrifugation. PC12 cells will be grown in a medium containing pyruvate and uridine, an
environment permissive for growth of cells devoid of mtDNA before being co-cultured with
MSCs.?

To ascertain the presence of mitochondria in both procedures of co-culture and
centrifugation, flow cytometry will be used: a technique by which a sample of cells are inserted
and subjected to light beams; the scattered light correlates with cells and its components.?* In
addition, an imaging method called confocal microscopy will be implemented to visually see the
transferred mitochondria, and amounts of mtDNA will be detected using PCR analysis.
However, since the presence of mitochondria is not solely indicative of this study’s success, the

amount of ATP produced by target cells must also be analyzed. To measure ATP content and



rate, a bioluminescent ATP determination assay will be utilized (see Appendix B). ATP content
post-centrifugation and co-culture will be taken every 24 hours for one week and there will be
three trials in total, taking approximately 3 weeks to complete this study. I will be recording and
averaging the amount of ATP from mitochondria pre-isolation, PC12 cells post-centrifugation,
and PC12 cells post-co-culture. Data gathered will be analyzed in R through an ANOVA Test, a
statistical method that will denote how statistically significant differences between the three

groups are.

OBSTACLES
Because the study of centrifugal force on organelle transfer has not yet been replicated,
there is a possibility mitochondrial transfer will not occur at 1,500 x g, so this proposed study
will have to experiment with different speeds and times. Another obstacle is maintaining a sterile

environment to avoid contamination when culturing cells and isolating mitochondria.



REFERENCES

. Wallace, D. Mitochondria and cancer. Nat Rev Cancer. 2012;12(10):685-698.

. Haas R. Mitochondrial dysfunction in aging and diseases of aging. Biology (Basel).
2019;8(2):48.

. Tachibana M, Kuno T, Yaegashi N. Mitochondrial replacement therapy and assisted
reproductive technology: a paradigm shift toward treatment of genetic diseases in
gametes or in early embryos. Reprod Med Biol. 2018;17(4):421-433.

Liu C, Chang J, Kuo S, Liu K, Lin T, Cheng W, Chuang S. Delivering healthy
mitochondria for the therapy of mitochondrial diseases and beyond. Int J Biochem Cell
Biol. 2014;53:141-6
. Kim MJ, Hwang JW, Yun C, Lee Y, Choi Y. Delivery of exogenous mitochondria via
centrifugation enhances cellular metabolic function. Sci Rep. 2018;1-13
. Kitani T, Kami D, Kawasaki T, Nakata M, Matoba S, Gojo S. Direct human
mitochondrial transfer: a novel concept based on the endosymbiotic theory. Transplant
Proc. 2014; 46(4):1233-1236. doi:10.1016/j.transproceed.2013.11.133
. Berridge MV, McConnell MJ, Grasso C, Bajzikova M, Kovarova J, Neuzil J. Horizontal
transfer of mitochondria between mammalian cells: beyond co-culture approaches. Curr
Opin Genet Dev. 2016;38:75-82. doi:10.1016/j.gde.2016.04.003
. Kitani T, Kami D, Matoba S, Gojo S. Internalization of isolated functional mitochondria:
involvement of macropinocytosis. J Cell Mol Med. 2014;18(8):1694-1703.

doi:10.1111/jemm.12316

. Pinkert CA, Irwin MH, Johnson LW, Moffatt RJ. Mitochondria transfer into mouse ova

by microinjection. Transgenic Res. 1997;6(6):379-383. doi:10.1023/a:1018431316831



10.

11

12.

13.

14.

15.

16.

17.

18.

Patananan AN, Wu TH, Chiou PY, Teitell MA. Modifying the Mitochondrial

Genome. Cell Metab. 2016;23(5):785-796. doi:10.1016/j.cmet.2016.04.004

. Masuzawa A, Black KM, Pacak CA, et al. Transplantation of autologously derived

mitochondria protects the heart from ischemia-reperfusion injury. Am J Physiol Heart
Circ Physiol. 2013;304(7):H966-H982. doi:10.1152/ajpheart.00883.2012

Wang X, Gerdes HH. Transfer of mitochondria via tunneling nanotubes rescues apoptotic
PC12 cells. Cell Death Differ. 2015;22(7):1181-1191. doi:10.1038/cdd.2014.211
Genetics Home Reference [Internet]. 2020. Mitochondrial DNA. Bethesda, MD: NIH;
[modified 2020 June 23; accessed 2020 June 27]. Available from:

https://ghr.nlm.nih.gov/mitochondrial-dna#resources

Youle RJ, van der Bliek AM. Mitochondrial fission, fusion, and stress. Science.
2012;337(6098):1062-1065. doi:10.1126/science. 1219855

Ng YS, Turnbull DM. Mitochondrial disease: genetics and management. J Neurol.
2016;263(1):179-191. doi:10.1007/s00415-015-7884-3

United Mitochondrial Disease Foundation [Internet]. 2017. Possible Symptom:s.
Pittsburgh, PA: UMDF; [accessed 2020 June 20]. Available from:

https://www.umdf.org/what-is-mitochondrial-disease/possible-symptoms/

Spees JL, Olson SD, Whitney MJ, Prockop DJ. Mitochondrial transfer between cells can
rescue aerobic respiration. Proc Natl Acad Sci U S A. 2006;103(5):1283-1288.
doi:10.1073/pnas.0510511103

Takeda K, Tasai M, Iwamoto M, et al. Microinjection of cytoplasm or mitochondria
derived from somatic cells affects parthenogenetic development of murine oocytes. Biol

Reprod. 2005;72(6):1397-1404. doi:10.1095/biolreprod.104.036129



19.

20.

21

22.

23.

24.

Moroz PE. The cell in the field of gravity and the centrifugal field. J Theor Biol.
1984;107(2):303-320. doi:10.1016/s0022-5193(84)80030-2

Clarke MS, Prendergast MA, Terry AV Jr. Plasma membrane ordering agent pluronic F-
68 (PF-68) reduces neurotransmitter uptake and release and produces learning and

memory deficits in rats. Learn Mem. 1999;6(6):634-649. d0i:10.1101/Im.6.6.634

. Westerink RH, Ewing AG. The PC12 cell as model for neurosecretion. Acta Physiol

(Oxf). 2008;192(2):273-285. doi:10.1111/5.1748-1716.2007.01805.x

Sadoshima S, Busija D, Brody M, Heistad D. Sympathetic nerves protect against stroke
in stroke-prone hypertensive rats. A preliminary report. Hypertension. 1981;3(3 Pt
2):1124-1127. doi:10.1161/01.hyp.3.3 pt 2.i124

Kukat A, Kukat C, Brocher J, Schifer I, Krohne G, Trounce I, Villani G, Seibel P.
Generation of thoO cells utilizing a mitochondrially targeted restriction endonuclease and
comparative analyses. Nucleic Acids Res. 2008;36(7):e44. doi:10.1093/nar/gkn124
Thermo Fisher Scientific [Internet]. How a flow cytometer works. Thermo Fisher
Scientific; [accessed 2020 June 24]. Available from:

https://www.thermofisher.com/us/en/home/life-science/cell-analysis/cell-analysis-

learning-center/molecular-probes-school-of-fluorescence/flow-cytometry-basics/flow-

cytometry-fundamentals/how-flow-cytometer-works.html




APPENDIX A

B Prepared mitochondria
500 - [ Centrifugation

@ Co-culture
<
z
=]
=
S 400 - *
2 )/ 1 Y
e /
c /] A
>
e
o 50 -
pud *
=

*
0 ;
0 0.05 0.5 S

Mitochondria (pg)

The above graph is of a PCR analysis of mean mtDNA of prepared isolated mitochondria,

target cells post-centrifugation, and target cells after 1 day of co-culture from Delivery of

exogenous mitochondria via centrifugation enhances cellular metabolic function (reference 5).

This shows that centrifugation yields more average mtDNA transfer than co-culture.
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APPENDIX B
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Above is a sample graph from Thermo Fisher of the detection of ATP using their

bioluminescence determination assay.
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