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Abstract of the Dissertation

Base Excision DNA Repair in the Mitochondria of Differentiated Neuronal Cells

by
Rachel Audrey Caston
Doctor of Philosophy
in
Genetics
Stony Brook University

2017

Healthy mitochondria are vital for maintaining neuronal activity over the lifespan of an
organism. Since mitochondria contain their own DNA, functional DNA repair pathways in the
organelle are necessary for mitochondrial integrity. However, mitochondria do not have the
complete complement of DNA repair pathways found in the nucleus. Thus far, base excision
DNA repair (BER), mismatch repair, and double-strand break repair have been detected in
mitochondria, although these pathways involve fewer proteins than is the case in the nucleus.
Of the DNA repair pathways operating in mitochondria, BER acts on small, non-distorting base

lesions, the main type of damage expected to arise from oxidative reactions.

This dissertation focuses on BER after cellular differentiation. There is mounting
evidence that BER occurs more slowly in differentiated cells compared to proliferating cells. In
terminally differentiated cells, the nuclear genome is no longer being replicated, and the

proteins involved in DNA replication are correspondingly down-regulated in the nucleus.



However, mitochondria continue to replicate their DNA and divide even in a non-dividing cell,
which necessitates efficient DNA repair. It may be that mitochondrial DNA repair proteins
shared with the nucleus continue to be imported into mitochondria after differentiation. It is
also possible that other, mitochondria-specific proteins compensate for the loss of shared DNA
repair proteins. Of particular interest are four nuclease enzymes implicated in “long-patch”

base excision DNA repair in mitochondria: Fenl, DNA2, MGME1 and ExoG.

During DNA repair synthesis in base excision repair, the DNA polymerase can add a
single nucleotide, at which point the enzyme removes the resulting 5'-terminal 2-deoxyribose-
5-phosphate (5’-dRP) residue, and DNA ligase Ill can seal the nick. However, if the DNA
polymerase adds more than one nucleotide, the resulting displaced oligonucleotide flap needs
to be removed before the DNA strand can be resealed by DNA ligase. That process is so-called
“long-patch” BER. The nuclease(s) responsible for flap excision in the mitochondria are not yet
certain. Fenl and DNA2 are enzymes that function in the maturation of Okazaki fragments
during DNA replication in the nucleus, as well as in nuclear and mitochondrial DNA repair. ExoG
and MGME1 are structure-specific nucleases specific to mitochondria, and they have activities
that could function in long-patch BER. Investigating the regulation and roles of these proteins

should give insight into the modulation of BER during cellular differentiation.

The use of CAD cells, a mouse neuroblastoma cell line that can be differentiated into
neurons in vitro, allows the comparison of proliferating progenitors and genetically identical
terminally differentiated cells. Immunoblotting and immunofluorescence microscopy were used

to probe the expression of these proteins in the nucleus and in mitochondria. Upon CAD cell



differentiation, Fen1 and DNA2 were indeed down-regulated at the whole cell level. ExoG was
also lowered to 50% of the cycling cell level, while MGME1 was not diminished and may be
modestly increased. Enzyme activity assays showed that whole-cell extracts of differentiated
cells performed flap excision less effectively than did the proliferating cell extracts. Likewise,
mitochondrial extracts from differentiated CAD cells had slower flap excision than observed for
mitochondrial extracts from proliferating cells. Paradoxically, a PCR-based DNA repair assay for
mitochondrial DNA damage revealed that differentiated cell mitochondria accumulated /ess
damage than did proliferating cell mitochondria. Taken together, these data imply that long-
patch BER flap excision occurs more slowly in differentiated cells, both in the nucleus and
mitochondria, but that, despite the difference in the flap endonuclease activity detected, the in
vivo mitochondrial DNA repair capacity of differentiated cells is comparable to that of

proliferating cell mitochondria.



Dedication Page

For Carolyn, Lucille, and Charlotte Walls, without whom this dissertation would not exist.

To Madeline and Robert, who picked up the slack along the way.

Vi



Table of Contents

ABSEFACT. ...ttt et st st st et st st st sttt e s s e s s bbb st es bbbttt et et et e e e e et een iii
LISt OFf FIBUI@S........oceeceecee et et et et et ettt es s ereeaeeaeasesasereeneaneaaeatesaesteseeennennseneas ix
LISt Of TABIES......c.o oo e st s et e b s s bt ebe st e bes e e X
Chapter 1: Background and SignifiCance...............cccoovriiiie e 1
1.1 Oxidative PhoSphorylation ...ttt e st e 2
1.2 MiIitochoNdrial DNA........o oo e v et vt sa e e e e ee e aneaseene e see st sees 4
1.3 Mitochondrial DNA Damage and DiSEASE.......cccveurereruerieieieeierissestesseseeseessessesseseaeenesseenes 5
1.4 Mitochondrial Base EXCiSiION DNA REPAIN....c.c.ccueueiririrririineiseese e seeesrssesesvesresresveseeenes 6
1.5 DNA Damage Tolerance and Alternate Pathways........cccee e eceiveieieeccsce e 8
1.6 Cellular Differentiation ... s e e e st s 10
1.7 CONCIUSION .ttt ettt ettt et e et et eae st st st seesaese e e e e e s e e e benbensentnnans 11

Chapter 2: Expression and activity of mitochondrial endonucleases after cellular

BIFFEIENTIATION. ..ot b b sar st b s e e st sbesbesnssebaebbenseanne s 13
2.0 ADSEIACT ..ottt ettt ettt st e b ea et ebe b b e beerbaenba e eheebben sheeasbennnbesaraerbenee 14
2.2 INEFOQUCTION...c.eeiiee ettt et te e e e e sbe st beabesaeaeb e e sbesnssesseesansesssesbesrsaennenone 15
2.3 RESUIES e cueietiiecte ettt teee et ettt et et e ebe st be b b beatesaeaebbeesbesbaenssesssaesbeebe sesbensesrssesnnesrrens 16
B B T T ol 1] [o] o FO OO TSRS 32
Chapter 3: DNA Repair Capacity of Proliferating and Differentiated Cells..............ccccoerrreenen. 35
B A ADSEIACE ettt ettt et e et e et ehe et b et sbber bt e ehesebbe b easaennnnesreseraeebeen 36
3.2 INErOAUCTION. ..ottt ettt e et ebe et be s sbesasaesasesbesesbeease sabbennnesrnaesbensesns 37
3.3 REBSUIES e cueietiiecte ittt ettt ettt ebe b be b st beaaesaeaebbeesbesabbenabesreeesbeebe st benbesrrbenanesrrans 39
N B T T ol 0 11] [0 o TR 47
Chapter 4: Genotoxic effects of lunar soil sSimulants...........c.cccoeeeviveinieieccce e, 49
L Y o1 o =Tt OO OO O T U U T OO OO PR 50
4.2 INTFOAUCTION. .. .ccve ettt et ettt et et steereesaessesbe e e saesbesteansarsaesbennsensestesnesrnaessensen 51
.3 RESUIES..c.viiveceeietiee ettt e eee ettt te et et e eebe b beesbesasaesssesbesebbensesasaessee sbessbensbesnsaenssesasesane 55
A, DiSCUSSION....cuueeecttieceeeieteeeeeestteeeeteesteeeestesesseesesasesesaeessae ssssenasesesasesesseessses snsbensssaensesennsesns 64
Chapter 5: Conclusions and PersPECEIVES.............ccccueiiiiiniinininer e st s s es 67
5.1 Conclusion @and diSCUSSION.......c.civevecriereere et ceirteerteeee e seesteereesseessesbes e sbesresnseessessennees 68
5.3 FULUIE dIrECTIONS...ccteetviieie ettt ste et ettt seesbesteers s b eesbenbe e sbestssrneessensennesnne 70
Chapter 6: Materials and Methods..............cccovvriiiciiiiecceee e e e 74

vii



Appendix I: DNA-protein crosslink formation in mitochondria............cccccccoeevvivvivveiiciine e, 83

Appendix 1.1 INtrodUCTION....c..cce et st sae e e e eereenean 84
Appendix 1.2 Materials and methods.........cocccciee e 87
APPENIX 1.3 RESUIS ..ottt et s err et e e et stesae e essaes e e s e sresneeneeseenen 87
ApPPENiX 1.4 CONCIUSIONS....ccieiie ettt sttt et sre e e rr et e s e e e sresreassaessennennnes 90
REFEIEINCES........ ettt ettt st s et et s be st s e b et et sbesea s et ere et se st eb et et nes 91

viii



List of Figures

Figure 1.1 Formation of ROS from “leaks” in the electron transport chain.........cccccooeeeieecnnnnennnn. 3
Figure 1.2 Schematic of mitochondrial base eXciSion rePair.......ccccceceeeeeseececceceeeee e 8
Figure 2.1 Expression of endonucleases upon differentiation..........cccceeevenneiniienescncinecnece e 18
Figure 2.2 Mitochondrial expression of Fen1l after differentiation........cceceevevievevenineiccccces 20
Figure 2.3 Blotting for DNA polymerase B in mitochondrial extracts.........cccocvvevveieivinincnecneenen 21
Figure 2.4 Fenl expression measured by immunofluorescence.........cuveveveeceevecveccece e ce e 23
Figure 2.5. Schematic of immunofluorescence quantification..........cccceveiviveiveicecceccecce e 26
Figure 2.6 “FlIap” SUDSErate StrUCTUIE. ..o e e e s st st s 27
Figure 2.7 Flap excision activity in PCAD and TDCAD whole cell extracts ........cccceeeevveveverccrrennnns 29
Figure 2.8 Transfection efficiency of PCAD CelIS......cuoiiiieieieieintsrcse st s 30
Figure 2.9 Transfection efficiency of PCAD CelIS.......ccooooioeieeieeeee ettt 32
Figure 3.1 Schematic Of PCR-DASEd @SSAY.......cceceiureueiueieieierietierietere e s eetesteste st saesae s nenann 38
Figure 3.2 PCAD and TDCAD cell survival after treatment with HoOz..cocovveviivivie e 40
Figure 3.3 PCAD and TDCAD cell survival after incubation with MMS..........ccccerininininireeeee, 41
Figure 3.4 Mitochondrial DNA damage in TDCAD and PCAD mitochondria after treatment with
H2O2 OF IMIIMIS ..ottt ettt sttt s st e s et sbe s s et et e be se s as bt eneabeses st esane et sesensaens 42
Figure 3.5 Nuclear DNA of CAD cells after incubation with H2On.......cceveieinieinieiceececece e 43
Figure 3.6 P-Muscle and TD-Muscles cells mtDNA damage after treatment with H,O; and

IVIIVIS .. ettt ettt ettt st e bttt e h st s et £t ea 4 ses s et eae e b s e s eb et e b se se s en et ereebe se st eb et ere st nean 44
Figure 3.7 Repair of mtDNA by PCAD and TDCAD cells up to 4 hours .......ccoevvevveieccine e e, 45
Figure 3.8 Repair of mtDNA by PCAD and TDCAD cells up to 1 hour .......ccceeeecvve e, 46
Figure 4.1 Freshly grinding JSC-1A may increase its CytotoXiCity ....cccccvievreiecceicsse e 57
Figure 4.2 Cytotoxicity is not correlated with ROS-generating activity ....cccccecviececceiece e, 58

Figure 4.3 Differential sensitivity of neuronal and lung epithelial cells to various lunar soil
SHMUIGNTS ettt ee s testestesteste st steste st et e e sesessessessesessessessessesseseesasesernereernes 59
Figure 4.4 Greater nuclear DNA damage in TDCAD than in PCAD cells exposed to lunar soil

£ U1 [ 1 3R 61
Figure 4.5 PCAD cells may undergo more mtDNA damage than do TDCAD or A549 cells............ 63
Figure Appendix1.1 Mitochondria accumulate DNA polymerase y DPC........cccceceveeeevernrenrvernvennn. 88
Figure Appendix1.2 DNA polymerase y DPC may be cleared from mitochondria..........c.cuuu...... 89



List of Tables

Table 4.1. Characterization of lunar soil SIMUIANTS.............ooviieeeieie et 55

Table 6.1 Flap substrate oligonucleotides.............cccoooveiiieieniiienee e

Table 6.2 Primers for qPCR



Chapter 1

Introduction and significance

Caston 1



Mitochondria are organelles which engage in a range of cellular functions, including
generating ATP, calcium ion storage, and signaling for apoptosis [1]. Mitochondria contain their
own genome, separate from the nuclear genome, which is maintained by mitochondrial DNA
replication and repair proteins. Genes encoding proteins that are required for oxidative
phosphorylation are found in the mitochondrial genome. Therefore, mitochondrial DNA
(mtDNA) integrity is critical for mitochondrial function. The research reported in this
dissertation explores the regulation of mtDNA repair upon cellular differentiation.

1.1 Oxidative Phosphorylation

In eukaryotic cells, mitochondria are the sites of oxidative phosphorylation, a process
for generating most of the ATP in cells. Conversion of ATP to ADP releases energy, which can be
used for signaling [2], motility [3,4], cell division [5,6], and numerous of other cellular functions.
Unlike fermentation, which produces only 2 molecules of ATP per molecule glucose, oxidative
phosphorylation produces 30-32 ATP molecules per glucose molecule [7]. Oxidative
phosphorylation in the mitochondria is achieved using the electron transport chain, which is a
series of four protein complexes located in the inner membrane of the mitochondrial matrix [5].
These proteins create both pH and electrical gradients across the membrane by pumping
protons through the inner membrane into the inter-membrane space of the mitochondria [8].
Electrons are passed along the in a series of linked redox reactions, with oxygen being the final
electron acceptor in a reaction that produces H.0. To generate ATP, the protons that were
excluded from the inner membrane flow back through ATP synthase, a spinning motor that

converts ADP to ATP.



While more efficient than fermentation, oxidative phosphorylation does create a risk of
generating reactive oxygen species (ROS) as a by-product (Figure 1.1). ROS are free radicals and
other reactive molecules derived from oxygen. The prominent species include hydrogen
peroxide, superoxide anion, and hydroxyl radical [9]. When ROS are formed as a result of
oxidative phosphorylation, they pose a threat to mitochondrial function. Since mtDNA is
attached to the inner mitochondrial membrane, in close proximity to the electron transport
chain, it is a nearby target for oxidation [10]. However, evidence that mitochondrial DNA is
more sensitive to oxidation is controversial and mitochondrial DNA does not incur more

oxidative damage than nuclear DNA [11,12].

Mitochondrial
Damage

Figure 1.1. Formation of ROS from “leaks” in the electron transport chain. Transfer of
electrons during oxidative phosphorylation creates the risk of ROS formation by reaction with
oxygen, which initially generates superoxide as shown. This occurs mostly for Complex | and
Complex lll. The arrows indicate reactions producing first hydrogen peroxide, then the far more
reactive hydroxyl radical. The close proximity of the mtDNA may enhance damage due to ROS
generated locally.

From: Caston and Demple. Free Radical Biology and Medicine. (2017) 146—-150 [13]



1.2 Mitochondrial DNA

In mammals, mitochondria have a circular genome of about 16,000 base pairs
containing 37 genes: 13 electron transport chain proteins, 22 transfer RNAs, and 2 ribosomal
RNAs [14]. The mitochondria-specific transfer RNAs help maintain the codon usage bias of
mtDNA-encoded messenger RNA compared to nuclear DNA [15]. Most of the genes needed for
mitochondrial functions are encoded in the nucleus. Why some genes are kept in the
mitochondria instead of the nucleus is unclear. One theory is that hydrophobic proteins are
difficult to import and sort across membranes or may be targeted to different organelles, so
retention of hydrophobic proteins is favored [16]. Alternatively, a theory known as
“colocalization for redox regulation” suggests that proteins necessary for ATP production are
maintained in the mtDNA to allow local control of energy production [16].

The mtDNA is organized into a complex known as the nucleoid, which is associated with
the inner mitochondrial membrane and composed of a single circular genome and mtDNA
binding proteins such as transcription factor A (TFAM), DNA polymerase y, and Twinkle helicase
[10,17]. The mtDNA is transcribed as a polycistronic RNA, with transfer RNAs in between most
messenger RNAs [18,19]. Transcription begins from a primary promoter in each direction
around the circular genome [20]. As a result, DNA lesions that block transcription can prevent

the expression of multiple genes.



1.3 Mitochondrial DNA Damage and Disease

Diseases caused by mutations to the mitochondrial genome account for only 15% of
mitochondrial disorders [21]. The other 85% are caused by mutations to genes in the nuclear
DNA that are required for mitochondrial function. There are two main categories of diseases
associated with mtDNA mutations: those inherited at birth (germline), and those acquired with
time through somatic accumulation of mutations. The list of inheritable mitochondrial disease
is extensive, but general indications of mitochondrial disorders include poor growth, muscle
weakness, visual problems, hearing problems, respiratory disorders, and neurological problems
[22].

The mtDNA mutations acquired throughout life are thought to contribute to aging
[23,24]. For example, the “common deletion” in mitochondria, which removes region of 4977
base pairs affecting 5 tRNAs and 7 protein-coding genes, is found more frequently with age in
high-energy tissues such as neurons and muscles [25]. The common deletion is the result of
recombination between two 13 base pairs GC-rich regions of the mtDNA and is considered a
typical feature of the aging process. Another study has shown that general mtDNA mutations
accumulate with age, though no single mutation was more likely than the others [26].

Mutations in the mtDNA are associated with neurodegenerative syndromes including
Parkinson’s, Alzheimer’s, and Huntington’s diseases [27]. In the human post-mortem brain
tissue of patients with Parkinson’s disease, mtDNA anomalies occur in dopamine neurons of the
substantia nigra, including deletions and mutations in the mtDNA [26-30]. In a study of
Parkinson’s and Alzheimer’s diseases, changes in cytosine methylation of mtDNA were found in

both disease states [31]. Furthermore, control region mutations are increased in Alzheimer’s



disease and mtDNA copy number is decreased, implying that transcription of mtDNA is altered
in the disease [32,33]. Some variations in mtDNA are associated with increased risk of acquiring
Alzheimer’s and Huntington’s diseases [34]. Finally, in a mouse model of Huntington’s disease,
the temporal and frontal lobes of the brain exhibited 8-fold greater amounts of mtDNA lesions
than did nuclear DNA [35,36]. In these diseased cells, DNA damage accumulates beyond the
ability of the mitochondria to repair it. However, in healthy tissues, mitochondrial DNA repair

pathways prevent the accrual of DNA lesions.

1.4 Mitochondrial Base Excision DNA Repair

Mitochondria do not have the complete complement of DNA repair pathways found in
the nucleus. Thus far, mitochondria have been shown to have base excision DNA repair (BER),
mismatch repair, and double-strand break repair, although with fewer proteins for each
pathway than are involved in the nucleus [37]. Of these, BER is focused on repairing small, non-
distorting base lesions, the type mainly expected to arise from oxidative damage [38]. When
the DNA is damaged, a DNA glycosylase removes the damaged base by cleaving the N-glycosylic
bond between the base and the sugar (Figure 1.1). The mitochondria do not have all 11 of the
glycosylases found in the nucleus; only 7 glycosylases have been confirmed in the organelle
[39]. DNA glycosylases can be mono- or bi-functional [39]. Monofunctional glycosylases remove
the damaged base by hydrolysis, which yields an unmodified 2-deoxyribose
apurinic/apyrimidinic (AP) site as the other product. In contrast, bifunctional DNA glycosylases
act via a covalent intermediate, sometimes cleaving the DNA backbone in a B-elimination

reaction to produce a 3'-end bearing a 2,3-unsaturated derivative of 2-deoxyribose. This lyase-



generated 3’ blocking group must be removed to allow DNA repair synthesis, and a number of
enzymes are proposed for this role, notably Apel, which has a significant 3’ processing activity.
It is also possible for certain AP lyases, such as Neill and Neil2, to cleave the DNA backbone
using B, 6-elimination; the consecutive reactions eliminate the 2-deoxyribose, leaving a 3'-
phosphate remains which must be removed by an enzyme such as polynucleotide kinase-
phosphatase before DNA repair synthesis can occur.

After the glycosylase has removed the damaged base, Apel nicks the DNA on the
immediate 5’ side of the AP site, allowing the DNA polymerase to access the DNA. For many
years, DNA polymerase y was thought to be the only DNA polymerase present in mitochondria.
Recently, PrimPol and DNA polymerase B have both been detected in mitochondria[40-42].
Either one of these polymerases could function in DNA repair in the mitochondria, particularly
polymerase B since it functions in BER in the nucleus. DNA polymerase  was found to interact
with the mitochondrial DNA helicase Twinkle, and suppression of DNA polymerase B resulted in
elevated endogenous mtDNA lesions[42].

During DNA repair synthesis, the DNA polymerase can add a single nucleotide, at which
point the polymerase will remove the 5’ dRP if it has lyase activity. Then DNA ligase Ill can seal
the nick. However, if the DNA polymerase adds more than one nucleotide, the resulting
displaced oligonucleotide flap retaining the 5’abasic residue needs to be removed before the
DNA can be closed by ligase. The endonuclease responsible for this reaction in the
mitochondria is not yet clear. Fenl, DNA2, ExoG, and MGME1 are potential candidates, which
is discussed and analyzed further in Chapter 2. Fen1 and DNA2 perform this role in the nucleus,

with some evidence of a similar function in mitochondrial BER[43,44]. ExoG and MGME1 are



more recently discovered and mitochondria-specific enzymes, but their ability to remove such a
flap in a DNA repair intermediate has not been tested [45,46]. After flap excision, the nick is

sealed by ligase Ill, the only DNA ligase known so far in mitochondria.

Er— Polymerase Y \ Ligase Il
patch TTT | IHERRBA FTrirnl
— 1111111 AT e AN A RN
TTTRITT _, TIT TIT TTT-TTT o,
Liiiitl NN L1111l 777\
Glycosylase Apel
o TTTTTIT__, TTT T_TITITIT
B 1ol ldl e LI 111 1111111
Patch MGME1
Fenl Ligase Il
DNA2

Figure 1.2. Schematic of mitochondrial base excision repair. A damaged base (red) is removed
by a DNA glycosylase. The Apel endonuclease incises the resulting AP site at the 5’
phosphodiester, leaving behind a 5’-dRP (green). In short-patch BER, one new nucleotide is
added (orange) by Poly, and the DNA is ligated by Lig lll. For long-patch BER, multiple
nucleotides are added, and the resulting displaced flap is excised by Fen1, DNA2, MGME1
and/or ExoG, followed by ligation by Lig IIl.

From: Caston and Demple. Free Radical Biology and Medicine (2017) [13]

1.5 DNA Damage Tolerance and Alternate Pathways

For DNA damage that is not yet repaired, cells may have damage tolerance pathways.
For example, certain DNA polymerases can synthesize past certain lesions in a template DNA
strand in a process known as translesion synthesis. The DNA lesion is not removed, but
translesion synthesis may prevent cytotoxicity by allowing DNA synthesis to be completed.
Currently, PrimPol is the best candidate for a mitochondrial translesion synthesis enzyme. In
vitro assays have demonstrated that PrimPol can synthesize both DNA and RNA using a DNA
template, with a preference for DNA, and the enzyme can perform de novo synthesis due to its

activity as a primase [41]. As is common with translesion DNA polymerases, PrimPol is



potentially mutagenic, with an error rate 50 times greater than that of DNA polymerase y
[40,47]. PrimPol was proposed as a trans-lesion synthesis polymerase because it is capable in
vitro of bypassing 8-oxoguanine, abasic sites, and UV adducts in the template, as well as
extending from mismatched termini [40,41,47-49]. However, when combined with the
mitochondrial enzymes necessary for mtDNA replication including DNA polymerase y, PrimPol
did not enhance bypass of oxidative lesions [50].

When mitochondria are excessively damaged, the entire organelle can be degraded in a
process known as mitophagy [51]. The best understood pathway for mitophagy is dependent
on the proteins PINK1 and Parkin. In healthy mitochondria, PINK1 is imported into the inner
mitochondrial membrane and degraded. This process is reliant on the membrane potential of
the outer mitochondrial membrane. If a mitochondrion is defective and the outer
mitochondrial membrane becomes depolarized, PINK1 accumulates on the outer mitochondrial
membrane. PINK1 is then available to activate Parkin, an E3 ubiquitin ligase. Parkin marks outer
mitochondrial membrane proteins for degradation, setting up a signal for mitophagy.

In neurons, mitophagy occurs in both the cell body and the axon. Mitochondria are
unequally distributed in neurons, being generated in the soma then distributed out to the
axons [52]. In these cells, mitophagy occurs via the Parkin-PINK1 pathway in the cell body as
well as in the neuronal process [53,54]. It is also possible for neurons to pass their dysfunctional
mitochondria to nearby astrocytes for degradation in a process known as transmitophagy [55].
Failure to clear damaged mitochondria in the dendrites of neurons may lead to neuronal cell
death, which would result in the loss of a synaptic connection [56]. Accumulation of

dysfunctional mitochondria in the axons could signal the beginning of neurodegeneration.



1.6 Cellular Differentiation

When cells differentiate, nuclear DNA replication ceases. Correspondingly, some DNA
replication proteins are down-regulated. Since proteins can perform functions in both DNA
replication and repair, down-regulating these proteins may lead to slower nuclear DNA repair in
differentiated cells compared to proliferating cells. For example, differentiated neuronal SH-
SY5Y cells were more sensitive to hydrogen peroxide (H202) than were proliferating SH-SY5Y
cells [57]. Furthermore, the differentiated SH-SY5Y cells down-regulated both short-patch and
long-patch BER proteins, including Apel, ligase |, ligase Ill, DNA polymerase €, XRCC1, PCNA,
and Fenl. Interestingly, when challenged with methyl methanesulfonate (MMS), the cycling
and non-cycling cells responded similarly to one another, implying that the differentiated cells
were more sensitive than proliferating cells to oxidative damage, but not to alkylation damage.
Another study demonstrated that in C2C12 mouse myoblasts, DNA polymerase and DNA ligase
activities are lower in the nucleus of differentiated cells compared to proliferating cells[58].
Moreover, in primary mouse muscle cells, DNA damage requiring either short- or long-patch
BER pathways was resolved more slowly in differentiated cells compared to proliferating cells
[59]. In these cells, DNA ligase | and XRCC1 proteins were down-regulated upon differentiation
[59].

Despite the attenuation of nuclear DNA repair upon differentiation, the mitochondria of
differentiated cells must continue to survive and reproduce for the life of the cell. Mitochondria
replicate and divide even in non-dividing cells, albeit more slowly [60]. The mitochondrial

genome needs to be repaired for the mitochondria to continue functioning. There is some
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evidence for DNA repair in differentiated cell mtDNA. For example, the same study that
revealed attenuated DNA ligase and DNA polymerase activities in the nucleus upon
differentiation also showed that differentiated myotubes repair their mtDNA at a faster rate
than do proliferating myoblasts after being incubated with glucose oxidase to generate a flux of
H,0; [58]. Additionally, differentiated muscle cells have higher survival than their proliferating
counterparts after treatment with chemical agents and irradiation[61].

1.7 Conclusion

In the research for this dissertation, | addressed the effects of cellular differentiation on
mitochondrial BER. | utilized a neuronal mouse cell line to explore mtDNA repair after cellular
differentiation. In Chapter 2, | present evidence showing that Fen1 and DNA2 endonucleases
are down-regulated after cellular differentiation, but Fen1 continues to be localized to the
mitochondria of differentiated cells. The mitochondrial enzymes MGME1 and ExoG are
expressed before and after differentiation. Despite the presence of these enzymes, flap
excision in differentiated cell mitochondrial extracts was slower compared to proliferating cells
mitochondria. Chapter 3 focuses on the overall DNA repair capacity of the mitochondria.
Differentiated cells showed a greater rate of survival than proliferating cells when challenged
with chemical damaging agents. Additionally, the mtDNA of differentiated cells accumulated
fewer lesions than did proliferating cell mtDNA.

Chapter 4 focuses on the effects of soil toxicity on differentiated cells as well as lung
epithelial cells. When astronauts visited the Moon during the Apollo missions, the lunar soil
clung to spacesuits due to its electrostatic charge, and the lunar dust was tracked into the living

environment by astronauts who had been exploring the lunar surface [62]. Astronaut Harrison
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Schmitt described his reaction to lunar dust as “lunar hay fever”, including sneezing, watering
eyes, and sore throat [63]. | demonstrate that when CAD cells are exposed to lunar soil
simulants, the CAD cells reacted similarly to their response with chemical agents; differentiated

cells mtDNA accumulated less DNA damage than did the proliferating cells.
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Chapter 2

Expression and activity of mitochondrial endonucleases after

cellular differentiation

Caston 13



2.1 Abstract

Mitochondrial base excision repair (BER) utilizes proteins involved in nuclear and
mitochondrial DNA replication and repair. After cellular differentiation, nuclear DNA is not
replicated, and many proteins are down-regulated accordingly. However, a structure-specific
endonuclease remains necessary for long-patch base excision DNA repair (BER) in both the
nucleus and mitochondria of differentiated cells. Four such endonucleases have been
implicated in long-patch in mitochondria: Fenl, DNA2, MGME1 and EXOG. Fenl and DNA2 are
localized to both the nucleus and mitochondria, and they are down-regulated in the nucleus
upon differentiation. ExoG and MGMEL1 are proteins localized to the mitochondria, and either

of them might support long-patch BER in the mitochondria.

In this chapter, | demonstrate that Fenl and DNA2 change their distribution after
differentiation, and that Fen1 is localized to the mitochondria after differentiation. The
expression levels of MGME1 and ExoG show only small changes after differentiation. Despite
expression of these nucleases after differentiation, flap excision occurred more slowly in the

mitochondrial extracts of differentiated cells than in those of proliferating cells.
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2.2 Introduction

One common change during terminal differentiated cell types is the down-regulation of
DNA replication proteins [58,59]. Some structure-specific endonucleases are a necessary
component of long-patch base excision DNA repair (BER) and there is evidence that their
expression may change with differentiation. The long-patch BER pathway is necessary because
some lesions can be repaired only by this pathway. For example, 2-deoxyribonolactone (2-dL), a
C1’ oxidized AP site, forms a covalent crosslink with repair proteins during attempted short-
patch BER [64-66]. DNA-protein crosslinks are avoided in long-patch BER because DNA
polymerase y moves past the oxidized site when it adds the 2" nucleotide.

Four endonucleases are discussed in this chapter: Fen1, DNA2, MGME1, and ExoG
proteins. Fenl and DNA2 are found in both the nucleus and the mitochondria [43,67,68]. These
two enzymes function in nuclear DNA replication for the maturation of Okazaki fragments [69].
DNA2 cleaves long DNA “flaps” (displaced strands) to a size (30 nucleotides) that renders those
substrates for Fenl. Fenl cleaves precisely at the flap junction, yielding a ligatable product [70].
DNAZ2 has been shown to cleave RNA primers from mitochondrial DNA as well as long-patch
BER flaps in mitochondria [43]. There is conflicting evidence on the function of Fenl in
mitochondria. In Hela cells, an enzyme activity consistent with Fenl was measured in
mitochondrial extracts [44]. When Fenl was depleted from mitochondrial extracts, flap —
cleavage intermediate products accumulated [44]. However, in HOS and HEK cells, a Fenl
variant was found exclusively in mitochondria that was more active on RNA than on DNA, which
is consistent with a role in replication and removal of RNA primers from mtDNA during

replication [71].
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ExoG and MGME1 are proteins localized to the mitochondria, both of which have
activity consistent with long-patch flap excision [45,72]. ExoG is a paralog of EndoG, an
endonuclease found in the mitochondria and involved in apoptosis [46]. ExoG functions by
removing 2 nucleotides at a time from the 5’ end of a DNA flap and was found to be necessary
for the completion of long patch BER in Hela mitochondrial extracts [72,73]. Furthermore, over-
expression of ExoG in progenitor cells increased the cells’ resistance to oxidative DNA damage.

MGME1 is an endonuclease proposed to work in conjunction with DNA polymerase y in
the mitochondria [45]. MGME1 does not consistently make ligatable cuts at the flap junction,
but the enzyme can work in concert with DNA polymerase y to generate a ligatable nick [45].
The possible role of MGME1 in BER has not been assessed, but the enzyme’s activities are
consistent with long-patch BER flap excision in mitochondria (Figure 1.2).

In this chapter | demonstrate that Fenl and DNA2 change their localization after
differentiation, and Fen1 is localized to the mitochondria after differentiation. Additionally,
MGME1 and ExoG are expressed in the mitochondria of differentiated cells. Despite availability
of endonucleases, flap excision occurs more slowly in differentiated cell mitochondria extracts

than in proliferating cell mitochondria extracts.

2.3 Results

2.3.1 Protein Localization

The Cath.-a-differentiated (CAD) cell line was chosen for these experiments. The CAD
cell line was isolated from a mouse neuroblastoma [74]. The cells can be grown proliferatively

(PCAD) or terminally differentiated (TDCAD) in culture by serum starvation [74]. CAD cells allow
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for direct comparison of genetically identical proliferating progenitors and terminally

differentiated neurons.

As mentioned in section 2.2, several BER proteins are down-regulated at the whole-cell
during cellular differentiation. These include Apel, DNA ligase |, DNA ligase Ill, DNA polymerase
€, X-ray repair cross-complementing protein 1 (XRCC1), proliferating cell nuclear antigen
(PCNA), and Fen1 [57,59]. It is important to note that these proteins were down-regulated by
varying degrees, with XRCC1 and Fenl reduced to <25% of the level in proliferating cells and
the other proteins expressed above 50% of proliferating cell expression. To investigate whether
such changes are recapitulated during the differentiation of CAD cells, whole-cell extracts were
probed for expression of several BER-related proteins (Figure 2.1A). After CAD cell
differentiation, DNA2 and Fenl were reduced to ~25% of their expression in proliferating cells
and ExoG was reduced to ~50% of the proliferating cell level (Figure 2.1). The MGME1 level was
not diminished, and even increased after differentiation (Figure 2.1). Apel was included since it
is a BER protein that has not been shown to be significantly down-regulated upon
differentiation [57]. The limited change in expression of Apel observed here was consistent
with published findings [57], retaining 75% of its proliferating cell level after differentiation

(Figure 2.1B).
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Figure 2.1. Expression of endonucleases upon differentiation. A. Western blot of PCAD and
TDCAD whole-cell extracts with 25 pg of protein loaded in each lane. Protein names on left
indicate the antibody specificity. The proteins were not probed for on the same blot, but
representative examples for each blot are shown. The line between the ExoG bands indicates
removal of an irrelevant lane. B. Quantification of 3 independent experiments by Image Studio
program. Each protein was normalized to tubulin as a loading control. PCAD cells protein level
for each protein was set to 100%. The TDCAD cell protein level is presented as a percent of the
PCAD cell level. Error bars indicate standard deviation. * denotes where the p<0.05 between
PCAD and TDCAD cells measured by the student’s t test.

Since MGME1 and ExoG are mitochondria-specific, their continued expression in whole
cell extracts is expected to reflect their expression in mitochondria. However, the
immunoblotting gave no information on the localization of Fen1 and DNA2 after differentiation.
These proteins may be down-regulated across the whole cell, but still localized to the
mitochondria. In order to answer this question, mitochondria were isolated from the cell and
probed for protein levels. Thus far, the measurement has been accomplished for Fen1 (Figure

2.2). MGME1 and ExoG are similar in size to Fenl and could not be probed simultaneously.

Caston 18



While purifying the mitochondria, aliquots were taken for the nuclear and cytosolic
portions of the cell. It is important to note that these are not purified fractions, as evidenced by
the significant portion of complex | still present in them (Figure 2.2A). Fenl present in the
nuclear and cytosolic lanes of the western blot likely results from to mitochondria or unbroken
cell in these aliquots. Failure to separate mitochondria from the nuclear and cytosolic fractions

means that only ~50% of the total mitochondria are in the mitochondrial fraction.

Consistent with the data in Figure 2.1, Fenl was more abundant in the PCAD than in the
TDCAD nuclear aliquot. Tubulin, lamin, and complex | were probed as controls for the cytosolic,
nuclear, and mitochondrial fractions, respectively. Quantification of band density for Fenl is
presented as a fraction of total cellular Fen1 (Figure 2.2B). In this analysis, Fenl in the
mitochondria of proliferating cells was 4% of the total, while in mitochondria of differentiated
cells it was 7% of the total. However, since the total amount of Fenl in TDCAD is one fourth of
that in PCAD cells (Figure 2.1), this indicates that mitochondrial Fen1 in TDCAD cells was about

50% of that in PCAD cell mitochondria.

This quantification did not include normalization to complex | due to changes in complex
| expression between experiments. In two experiments of the three immunoblots, complex |
was down-regulated after differentiation (Figure 2.2D). Down-regulation of complex | contrasts
with results from PC12 neuronal cells, in which components of the electron transport chain
were upregulated after differentiation [75]. Further replicates of this experiment should clarify

the result.
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Of note, lamin was probed for in this blot as the nuclear control, but, in other blots, DNA
polymerase 3 was probed as a nuclear control. Due to new evidence that DNA polymerase B is
localized to the mitochondria [42], it is no longer an appropriate negative control for
mitochondria. However, | did not detect significant expression of DNA polymerase B in the

mitochondria of the CAD cells (Figure 2.3).
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Figure 2.2. Mitochondrial expression of Fenl after differentiation. A. Western blot of
mitochondrial (Mito), nuclear (Nuc), and cytosolic (Cyt) fractions of PCAD and TDCAD cells.
Proteins names on left indicate antibody specificity. Into each well was loaded 25 pg of protein.
B. Amount of Fen1 in mitochondrial fractions from A, relative to total amount of Fen1 for each
cell type. Quantification is of 3 biological replicates in Image Studio program. Error bars indicate
standard deviations. There is no significant difference between PCAD and TDCAD Fenl
expression in mitochondria according to student’s t test. C. Two western blots of mitochondrial
extracts probed for complex 1 in which complex | is not detected as abundantly in TDCAD cells
compared to PCAD cells.
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Figure 2.3. Blotting for DNA polymerase B in mitochondrial extracts. Western blots of
mitochondrial (Mito), nuclear (Nuc), and cytosolic (Cyt) fractions of PCAD and TDCAD cells
probed for DNA polymerase B. Into each well was loaded 25 pg of protein. Compared with
nuclear and cytosolic fractions, the mitochondria have negligible expression of DNA polymerase
B. Three biological replicates are shown.

The localization of Fen1 was further investigated by immunofluorescence. PCAD and
TDCAD cells were labeled with Mitotracker Red to identify the mitochondria and Fenl was
labeled with a primary antibody for Fenl and a secondary antibody against FITC. In PCAD cells,
Fenl was expressed in both the nucleus and in the mitochondria, and the protein was also
detected in the cytosol (Figure 2.4A). After differentiation, Fen1 was no longer localized to the
nucleus, but the observed mitochondrial and cytosolic expression remained (Figure 2.4B).
Figure 2.4 also displays the morphological changes in the CAD cells resulting from
differentiation. PCAD cells have a single, short dendritic process, whereas differentiated CAD
cells display many long dendritic processes characteristic of neurons [74]. Data analysis
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indicated that PCAD cells and TDCAD cells have nearly equal distributions of Fen1 in their

mitochondria (Figure 2.4C).

Cell-by-cell quantification was performed on the immunofluorescence images by first
applying a threshold to the image to remove background fluorescence (Figure 2.5). Then a
region including the mitochondria of one cell was selected and the average Fen1 fluorescence
intensity within the mitochondria was measured. The average intensity of Fenl in the
mitochondria was then divided by the cell area. This resulted in numbers ranging from 0.0001
to 0.009. The average intensities per cell were then binned into intervals of 0.00039 (Figure

2.4C).
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Figure 2.4. Fenl expression measured by immunofluorescence. Cells were incubated with
Mitotracker Red, then fixed with 4% PFA and labeled with a primary antibody against Fen1 and
a secondary antibody tagged with FITC. Representative examples are shown of flattened Z-
stack images for A. PCAD and B. TDCAD. C. Quantification of Fenl signal from 113 cells of each
type. The resulting values were binned based on the average intensity of mitochondrial Fen1
per cell.
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Figure 2.5. Schematic of immunofluorescence quantification. Images were quantified using the
Image J program with the following steps. 1. A single mitochondrial Z-stack was selected in
which the mitochondria were abundant. 2. The image was thresholded to remove background.
The automatic threshold of the program was applied to every slice of the image. The automatic
threshold is equal to the average of the mean background intensity and mean object intensity.
3. All positive pixels were selected by pressing Edit>Selection>Create Selection then
Edit>Selection>Invert Selection. 4. The selection was moved to the Fenl channel. 5. The
selection was copied and pasted into a new image to remove any other cells in the image. 6.
The area and density of the selection were measured.

2.3.2 Enzyme Activity

Along with measurements of protein localization, protein activity is important for
assessing function. To generate a “flap” substrate, three synthetic oligonucleotides were
annealed together to yield a molecule (Figure 2.6). The substrate was labeled with TAMRA (5-
carboxytetramethylrhodamine) on the 5’ end of the displaced strand to allow its detection after

excision (Figure 2.6). Fenl cleavage generates a 35-nucleotide flap containing the label[44].

5I
3I

30 nt

5’ h 3’
35nt

Figure 2.6. “Flap” substrate structure. This substrate was made by hybridizing three
oligonucleotides, the lengths of which are labeled in nucleotides (nt). When cleaved
by Fen1, a 35-nt product is generated. The single-stranded/double-stranded DNA
junction is fixed, not mobile.
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CAD cell extracts were made in a lysis buffer containing a non-ionic detergent in order to
prevent protein denaturation, and reactions were incubated for 30 minutes (see Chapter 6:
Materials and methods). The reaction conditions were modeled from the literature [43,69].
Increasing amounts of whole-cell extract from PCAD or TDCAD cells were incubated with the
flap substrate; recombinant Fenl was included as a positive control. The reactions with PCAD
cell extracts reached a plateau of 50-60% cleavage that was not increased with proteins
amounts > 0.1 pg (Figure 2.7A). TDCAD cell extracts gave increasing amounts of product as the
amount of extract was increased from 0.1 to 0.5 pg, but no further increase with 1 ug (Figure
2.7B). Since purified Fen1 gave nearly complete digestion, the plateau reached by the cell

extracts does not appear to be due to defects in the substrate.
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Figure 2.7. Flap excision activity in PCAD and TDCAD whole cell extracts. A. PCAD and TDCAD
cells were incubated at increasing concentrations (0.1, 05, 1 ug) with the flap substrate (1 pmol)
for 30 minutes at 37°C, then run on a 16% acrylamide-urea gel. Purified Fen1 (51 pmol) was
incubated with 1 pmol of substrate for 30 minutes. A representative example is shown. B.
Quantification of the 35 nt product in three independent experiments with Image J program.
Error bars indicate standard deviation (n=3), except the 0.5 ug concentration that was
performed twice.

| next assessed the flap excision activity in mitochondrial extracts. Protein extracts from

isolated mitochondria were made for this purpose. The incubation conditions were the same as
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for the whole-cell extracts, except instead of increasing the concentration of extract, the
reaction was incubated for increasing amounts of time (Figure 2.8A). Increasing time points
were used because, during initial experiments, mitochondrial extracts did not produce any
product after 30 minutes with increasing concentrations of extract. However, this was resolved
with optimization, as seen in the PCAD mitochondrial extracts at the 30 minute time-point.
Both the PCAD and TDCAD mitochondria generated more product with time, but the PCAD
mitochondrial extracts had more flap excision activity than the TDCAD mitochondrial extracts at

every time point (Figure 2.8B).
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Figure 2.8. Flap excision activity of PCAD and TDCAD in mitochondrial extracts. A. A
representative gel from a mitochondrial flap excision assay. PCAD or TDCAD mitochondrial
extracts (0.5 pg) were incubated for increasing amounts of time (15, 30, 60 minutes) with the
flap substrate (1 pmol) at 37°C, then run on a 16% polyacrylamide-urea gel. Purified Fen1 (51
nmol) was incubated for 30 minutes with 1 pmol substrate. The PCAD 45 minute time point was
partially lost when loading the gel. B. Quantification of the experiments shown above. After
background was subtracted, the product was divided by the total DNA (product + substrate).
Error bars are not included because this experiment was completed only once.

2.3.3 Knockdown by siRNA

A key goal is to understand the role of the flap endonucleases in mitochondrial BER. To
address this issue, mitochondrial endonucleases MGME1 and ExoG will be targeted for
knockdown by siRNA. Since these proteins are mitochondria-specific, nuclear DNA repair should
not be affected by their depletion. PCAD cells were incubated with a scrambled siRNA tagged
with a fluorophore, and after 48 hours the cells were imaged in phase contrast and
fluorescence ~500 nm (Figure 2.9). Transfection was successful in less than 50% of the PCAD
cells. Since less than half of the cells were successfully transfected, assays which measure the
entire population of cells will not give meaningful results. However, “cell-cased” measurements
made with immunofluorescence would allow for transfected cells to be investigated without
cell sorting. Cells may be marked for transfection and a protein of interest. For example,
mitochondrial single strand binding protein (mtSSB) may be more prominent in mitochondria
with uncleaved DNA flaps [45], as would be expected if the depleted endonuclease was
necessary for long-patch BER. More general markers can also be investigated, such as total
mtDNA content using Picogreen reagent [76], cytochrome c as a marker for apoptosis, or Parkin

as a measure of mitophagy.
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Figure 2.9. Transfection efficiency of PCAD cells. PCAD cells were incubated with Allstars
Negative Control and Lipofectamine 2000 for 24 hours, then the medium was changed, and the
cells were further incubated for 24 more hours at 37°C. 182 PCAD cells were counted, with a
representative example shown. Examples of cells scored as positive for transfection are circled
in white, cells scored as negative are circles in blue.

Discussion

The results presented in this chapter are consistent with other reports of the
down-regulation some DNA repair proteins and attenuated DNA repair activity upon cellular
differentiation [57-59,61]. Both Fenl and Apel mirror expression in differentiated SH-SY5Y cells
with Apel modestly down-regulated and Fenl reduced to <25% of previous expression in
proliferating cells [57]. However, the mitochondrial levels of Fenl show that the reduction is
not as dramatic as the whole-cell level. These results are consistent with a role for Fenl in

mitochondria BER of differentiated cell mitochondria.
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The slower flap excision activity in the mitochondria extracts of differentiated
cells compared to the proliferating cells was not expected since the nucleases capable of flap
cleavage are expressed in the differentiated cell mitochondria. However, mitochondria in
differentiating cells tightly regulate their copy numbers [77,78], so perhaps with fewer mtDNA

copies to repair there is less demand for flap excision activity.

There is a discrepancy in the western blot and immunofluorescence data for
mitochondrial Fenl. The western blot shows that TDCAD mitochondrial Fen1 is expressed at
50% of previous expression in proliferating cell mitochondria, while the immunofluorescence
shows both cell types” mitochondria at essentially equal levels. This inconsistency is likely due
to differences in the assays. For example, Fen1 may bind to the outside of mitochondria [71], so
some of the measurements taken with immunofluorescence may include Fen1l that is not

within the mitochondria.

The down-regulation of Complex | in TDCAD mitochondria was unanticipated,
but the regulation of Complex | is a dynamic process [79]. In rat tissues, Complex | is expressed
differently among the tissues, with the levels in brain tissue falling below heart and muscle
when subunit NDUFA9 was measured [80]. This subunit, the same | blotted against, is nuclear
encoded. It is possible that changes in nuclear expression of proteins affect NDUFA9. However,
the mitochondrial isolation process itself may result in degradation of complex I. The extracts
were frozen for different lengths of time, as well as thawed various numbers of times. Each blot
was run individually, and since there is no loading control across the entire blot, it is impossible

to conclude that there is no error in the amount of protein that was loaded onto the gel. In
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future experiments, mitochondrial extracts will be isolated with more consistencies to address

these issues.

Overall, these data imply that non-cycling cells have the enzymes necessary to
complete long-patch BER. The slower flap excision of the differentiated cell mitochondrial
extracts may indicate that differentiated cell mitochondria depend more on short-patch than
long-patch BER. However, there are lesions which require long-patch BER for repair, so
continued function of this pathway is necessary unless the mitochondria depend upon another

pathway, such as whole genome degradation.
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Chapter 3
DNA Repair Capacity of Proliferating and Differentiated Cells
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3.1 Abstract

Continued replication and repair of the mitochondrial genome is essential for
mitochondria to function. Especially in the case of neurons, which generally do not regenerate,
the mitochondria need to be replicated for the life of the organism, decades in the case of
humans Failure to repair mitochondrial DNA (mtDNA) may lead to neuronal death, and most
neurons will not be replaced. Therefore, the repair or clearance of damaged mtDNA is vital to
prevent neurodegeneration.

In the research presented in this chapter, | establish that differentiated CAD cells have
greater survival than proliferating CAD cells when challenged with the DNA damaging agents
hydrogen peroxide or methyl methanesulfonate. In these experiments, differentiated CAD cells
and differentiated muscle cells accumulated less mtDNA damage with these reagents than their
proliferating cell progenitors. Finally, the overall rate of mtDNA repair was not significantly
different between proliferating and differentiated cells. Taken together, these results indicate

that neuronal cells continue to repair their mtDNA upon differentiation.
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3.2 Introduction

The slower flap excision activity observed in differentiated CAD (TDCAD) cell compared
to their proliferating precursors (PCAD) mitochondrial extracts implies that long-patch BER in is
attenuated in the mitochondria of TDCAD cells (Chapter 2). However, continued replication and
repair of the mtDNA is essential for mitochondria to function. Especially in the case of neurons,
which do not regenerate, the mitochondria continue to replicate for the life of the organism
[81]. Failure to repair mtDNA may lead to mitochondrial degradation and cell death, and the
lost neurons are usually not replaced [82]. Therefore, repair or clearance of damaged mtDNA is
vital to prevent neurodegeneration.

To address this issue, proliferating and differentiated cells were investigated for general
mtDNA repair capacity. The cells were challenged with DNA damaging agents, and the presence
of DNA lesions was assayed using a polymerase chain reaction (PCR) based assay. Since base
excision DNA repair (BER) is the primary focus of this dissertation, agents were chosen that
form DNA lesions that are repaired mainly by BER: hydrogen peroxide (H,02) and methyl
methanesulfonate (MMS). H,0: is an oxidizing agent that generates single strand breaks, abasic
residues, ring-opened derivatives of purines and pyrimidines, oxidized bases, etc [83]. MMS is
an alkylating agent that reacts DNA to generate primarily with the N7 of guanine and the N3 of
adenine, while generating smaller amounts of O-alkylated bases [84,85]. The lesions created by
MMS are repaired primarily by the short-patch pathway of BER, while H,0; generated lesions
can be repaired by short-patch or long-patch BER. The long-patch BER pathway is necessary
because some lesions can be repaired only by this pathway. For example, 2-deoxyribonolactone
(2-dL), a C1’ oxidized AP site, forms a covalent crosslink with repair proteins during attempted
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short-patch BER [64-66]. DNA-protein crosslinks are avoided in long-patch BER because DNA
polymerase y moves past the oxidized site when it adds the 2" nucleotide.

The PCR-based assay allows analysis of the mtDNA without having to extract it from
nuclear DNA [86]. Many types of lesions can slow down or block DNA polymerases [87].
Consequently, DNA with fewer lesions should be amplified more efficiently than DNA with

more lesions (Figure 3.1).

119 bp
J 10.965bp

é#

S

Figure 3.1. Schematic of PCR-based assay. The short PCR has primers (shown in yellow)
generate a 119 base pairs (bp) product. This relatively small section of DNA is unlikely to
contain many lesions. The long PCR primers (shown in green) generate a 10,965 bp product.
Damage to the mtDNA is expected to be detected in this region.

The data presented in this chapter shows the mtDNA repair capacity in proliferating
and differentiated CAD cells. | establish that the differentiated cells are more resistant to H20;
and MMS killing them than are the proliferating cells. Additionally, differentiated CAD and
mouse muscle cells accumulate less mtDNA damage than their proliferating counterparts.

Finally, the overall rate of mtDNA repair between proliferating and differentiated cells was not
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significantly different. Taken together, these results indicate that the general mtDNA repair

capacity is not down-regulated in mitochondria upon CAD cell differentiation.

3.3 Results

3.3.1 Cell Survival

A previous study has shown that differentiated muscle cells had a greater survival than
their proliferating precursors when challenge with MMS or the topoisomerase inhibitor
camptothecin [61]. To investigate whether this difference also occurs in CAD cells, survival was
assessed after treatment with H,0, and MMS. Cell survival was measured in two way: trypan
blue exclusion and 3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide (MTT) assay
were used to assess cell survival. Trypan blue is a dye excluded from living cells, but which
penetrates dead or dying cells as the plasma membrane breaks down. After incubation with
trypan blue, cells were scored as living (dye excluded) or dead (stained by dye). The MTT assay
relies on metabolic activity to indicate viability. NAD(P)H-dependent oxidoreductase enzymes
reduce the tetrazolium dye to an insoluble formazan. This reaction changes the dye from yellow
to purple. The fluorescence of the cell medium was then measured in a fluorimeter.

PCAD and TDCAD cells were incubated with increasing concentrations of H,0;for 30
minutes. When cell viability was assayed using the MTT reagent, it was clear than TDCAD cells
survived H,0; to a greater degree than PCAD cells (Figure 3.2A). With the trypan blue exclusion
assay, a similar result was obtained but with greater variability for the PCAD cells (Figure 3.2B)

than seen in the MTT assay (Figure 3.2A).
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Figure 3.2. PCAD and TDCAD cell survival after treatment with H,0.. The cells were treated
with H,0; at the indicated concentration for 30 minutes, then allowed to recover in fresh
medium for 24 hours before cell viability was measured. Cell survival was assayed with
either A. MTT reagent or B. trypan blue dye. * denotes p>0.5 between PCAD and TDCAD as
measured by student’s t test (n=3).

The survival results for cells treated with MMS were less striking than were those seen
with H,0,. The TDCAD cells did not show a greater survival than the PCAD cells for MTT (Figure
3.3A) and trypan blue due (Figure 3.3B). The TDCAD cells appear to be more resistant to
oxidative damage than they are to alkylating damage at the levels generated in these

experiments.
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Figure 3.3. PCAD and TDCAD cell survival after incubation with MMS. Cells were treated
with MMS for 30 minutes, then allowed 24 hours of recovery in fresh medium before cell
viability was measured. Cell survival was assayed with either A. MTT reagent or B. trypan
blue dye. * denotes p>0.5 between PCAD and TDCAD as measured by student’s t test (n=3).

3.3.2 Mitochondrial DNA Damage

In order to measure mtDNA damage, incubation with the damaging agents was
performed identically to the cell viability assays, with the exception that the total cellular DNA
was harvested immediately at the end of the 30 minutes treatment. The PCR product generated
by mtDNA in CAD cells after treatment with H,0; was nearly equal across a 10 fold range of
H.0; concentrations (Figure 3.4A). The effect of MMS on DNA integrity paralleled the cell
viability results, with increasing DNA damage at increasing doses (Figure 3.4B). Only after
treatment with MMS did the differentiated cells produced more PCR product than the

proliferating cells at the same dose of damaging agent.

Caston 41



=

[EEY

H,0, MMS

o
00

0.8

©
>
q

X
T T -

T ffsf{

o
N
|

PCR Product Relative to Control 3,
o
()]
-'
*
PCR Product Relative to Control oo
o o
o o
T

77
77
=
/

N &

9

|
YL/

e | *

0.5 1

3 6
H,0, Conc. (mM) MMS Conc. (mM)
OPCAD KITDCAD OPCAD TDCAD

o

& Y

(%2
N
[EN

Figure 3.4. Mitochondrial DNA damage in TDCAD and PCAD mitochondria after treatment
with H202 or MMS. The cells were treated for 30 minutes with A. H,0, or B. MMS. Cells were
lysed immediately after the treatment, and the DNA was extracted for PCR. Results from
treated cells were normalized to results from untreated cells and the control was set to 1. The
error bars indicate standard deviations. * denotes p>0.5 between PCAD and TDCAD cell mtDNA
as measured by student’s t test (n=3).

Nuclear DNA damage was also assessed in response to H,0; (Figure 3.5). One advantage
of the PCR assay is the ability to measure multiple genes from the DNA samples. However, the
nuclear assay did not include a short PCR for normalization because the nuclear accounts for
most of the total DNA quantification. Despite the evidence for mtDNA damage, there was no
detectable damage in either the PCAD or TDCAD cells. Unfortunately, the error in this
experiment was too large to draw any conclusions in comparison of the cell types. For this
reason, and the focus of the dissertation on mitochondria and mtDNA, nuclear DNA damage

was not assessed in the other samples from this data set.
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Figure 3.5. Nuclear DNA of CAD cells after incubation with H,0,. The same DNA samples used
to measure mtDNA damage in Figure 3.4 were assessed with nuclear DNA specific primers. Cells
were treated for 30 minutes with A. H,O; or B. MMS. Cells were lysed immediately after the
treatment, and the DNA was extracted for PCR. Results from treated cells were normalized to
results from untreated cells and the control was set to 1. The error bars indicate standard
deviation (n=3).

In addition to the CAD cells, muscle cells were cultured for these experiments by
collaborators Prof. Eugena Dogliotti and Dr. Paula Fortini (Istituto Superiore di Sanita, Rome,
Italy). Similar to neurons, muscles undergo mitochondria-dependent degeneration with age

[88]. Mitochondrial volume as well as mtDNA copy number decrease in skeletal muscle with

age [89].

Dr. Fortini extracted muscle cells from mice and grew them in culture, either as

myoblasts (P-Muscle), or differentiated into myotubes (TD-Muscle). She treated the muscle
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cells with H,0, or MMS, then shipped the frozen cell pellets to us. | extracted the DNA from the

pellets in the same manner as | did for the CAD cells.

When challenged with increasing concentrations of H,0,, the P-Muscle cells had more
detectable mtDNA damage than did the TD-Muscle cells from concentrations 20.25 mM H,0;
(Figure 3.6A). After treatment with MMS, P-Muscle and TD-Muscle cells showed increasing
levels of mtDNA damage with increasing concentrations of damaging agents, but not with a
significant difference from one another. (Figure 6B). These results contrast with those seen in
CAD cells, which showed a significant difference for MMS-induced mtDNA damage and no

significant difference for H,0; (Figure 3.4).
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Figure 3.6. P-Muscle and TD-Muscles cells mtDNA damage after treatment with H,0, and
MMS. Cells were treated for 1 hour with A. H0; or B. MMS. Immediately after the treatment,
cells were collected and frozen. Cell pellets were later lysed, and the DNA was extracted for
PCR. Results from treated cells were normalized to results from untreated cells and the control
was set to 1. The error bars indicate standard deviation (n=3). A * denoted p>0.5 between
PCAD and TDCAD as measured by student’s t test.
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Mitochondrial DNA Repair

The previous experiments gave no information on the rate of mtDNA repair. To

measure repair rates, CAD cells were treated with a single dose of H,0; or MMS, and allowed to

recover over time: 1.5 mM for H,0: (Figure 3.7A) or 6 mM for MMS (Figure 3.7B). At these

doses, mtDNA damage was 270% of the control, which allowed repair of the mtDNA to be

observed. Recovery times up to 4 hours were employed initially to follow the kinetics of DNA

repair. After treatment with either DNA-damaging agent, the majority of repair had happened

by the 2h time point. Furthermore, in every condition except for the PCAD cells treated with

H>0,, the repair lever never reached 100% instead plateauing around 50%. Unresolved mtDNA

damage may be due to a failure to ligate the DNA, the last step of repair (Figure 1.2), although

DNA ligase Ill is only modestly down-regulated after differentiation (~70%) [57,59]. Although,

after treatment with MMS, both cell types failed to repair the mtDNA completely (Figure 3.7B).
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Figure 3.7. Repair of mtDNA by PCAD and TDCAD cells up to 4 hours. PCAD and TDCAD cells
were challenged with 1.5 mM H,0; or 6 mM MMS for 30 minutes, then allowed to recover in
fresh medium for up to 4 hours. Time 0 is the start of the recovery phase. Results from treated
cells were normalized to results from untreated cells and the control was set to 1. The error
bars indicate standard deviation (n=3).

To get a more specific picture of the mtDNA repair kinetics, time points were taken in 15
minute intervals over an hour recovery period. This experiment has been done only with H,0;
at this time. The cells were challenged with 0.5 mM H;0,, rather than 1.5 mM H,0;, because
the mtDNA damage was similar for PCAD and TDCAD at this concentration (Figure 3.5). Overall,
there was no striking difference between the repair rates of the two cell types. However, repair
does not appear to begin in earnest until the 30 minute time point. In future, time points will

begin at 30 minutes and continue past 1 hour.
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Figure 3.8. Repair of mtDNA by PCAD and TDCAD cells up to 4 hours up to 1 hour. PCAD and
TDCAD cells were challenged with 0.5 mM H,0, or 6 mM MMS for 30 minutes, then allowed to
recover in fresh medium for up 1 hour. Time 0 is the end of the 30 minute treatment. Time
points were taken by lysing cells and extracting DNA. Results from treated cells were
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normalized to results from untreated cells and the control was set to 1. The error bars indicate
standard deviation (n=3).

3.4 Discussion

The goal of the research presented in this chapter was to assess mtDNA repair
capacity between PCAD and TDCAD cells. | present evidence that the mtDNA of differentiated
CAD cells is protected somehow from accumulating some DNA lesions when compared to the
mtDNA of proliferating cells after treatment with MMS. Similarly, differentiated mouse muscle
cells accumulated fewer lesions than proliferating muscle cells after treatment with H,0,. This
protective effect was seen in both CAD and mouse muscle cells, so it may be that this is a
general phenomenon of differentiated cell mitochondria. It is possible that the DNA damaging

agents are not causing as many lesions to the differentiated cell mtDNA.

In response to H,0, and MMS, the muscle and neuronal cells responded differently
(Figure 3.4 and 3.6). Both neuronal and muscles cells had less detectable mtDNA damage in the
differentiated cells, but for neurons the trend was more obvious with treatment of MMS and
with muscles it is significant with H,0,. The differences in mtDNA damage of the cells may be
related to the DNA repair pathways on which they depend. As mentioned, MMS-induced
lesions are repaired primarily by short-patch BER while H,0; requires both short and long-patch
BER. Chapter 2 implies that long-patch BER is slower in PCAD than TDCAD cells” mitochondria. If
these cells due have attenuated long-patch BER, differentiated cells’ mitochondria would be

expected to be more sensitive to H,0, than MMS, which appears to be the case (Figure 3.4).

Some assumptions are made when employing the PCR-based assay require which

further discussion. Firstly, not all lesions will block the polymerase, and even those that do may
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not consistently inhibit the polymerase. For example 8-hydroxydeoxyguanosine (8-oxo-G) is not
efficiently detected by this assay, a lesion which accounts for about 10% of the DNA damage
caused by H20; [90]. Furthermore, the assay does not measure all the lesions in the DNA. The
polymerase can only begin transcribing the DNA at the primer. Once the polymerase
encounters a blocking lesion, the remainder of the DNA will be un-transcribed. Therefore, any
lesion beyond the initial blocking lesion cannot be measured. Overall, though, this remains an

efficient means of measuring mtDNA damage without isolating mitochondria.
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Chapter 4

Genotoxic effects of lunar soil simulants
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This Chapter has been submitted as a manuscript to GeoHealth.

Title: Assessing Toxicity and Nuclear and Mitochondrial DNA Damage Caused by Exposure of
Mammalian Cells to Lunar Regolith Simulant

4.1 Abstract

Previous missions to the lunar surface implicated potential dangers of lunar soil.
In future explorations, astronauts may spend weeks or months on the Moon, increasing the risk
of inhaling lunar dust. In an effort to understand the biological impact of lunar regolith, cell
cultures derived from lung or neuronal cells were challenged with lunar soil simulants to assess
cell survival and genotoxicity. Lunar soil simulants were capable of causing cell death and DNA
damage in neuronal and lung cells, and freshly crushed lunar soil simulants were more effective
at causing cell death and DNA damage than simulants as received from the supplier. The ability
of the simulants to generate reactive oxygen species was not correlated with their cytotoxic or
genotoxic affects. Furthermore, the cytotoxicity was not correlated with the accumulation of
detectable DNA lesions. These results determine that lunar soil simulants are cytotoxic and

genotoxic.
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4.2 Introduction

4.2.1 Lunar Soil Properties

One aspect of the lunar environment that warrants more study in preparation for
human exploration is the lunar regolith, or soil. Lunar soil is affected by a combination of
processes that include meteorite impacts and resulting agglutination, as well as solar wind [91].
There are important differences between the lunar and terrestrial environments that affect the
surface material. The Moon has no liquid component in the soil, so water-containing minerals,
such as clay or mica, are not present [91]. The lack of lunar atmosphere also allows the Moon’s
surface to be perpetually bombarded by solar wind. This constant chemical reduction causes
the lunar soil to become electrostatically charged. This charge can be so strong that the soil
particles actually levitate above the lunar surface[92,93].

When astronauts visited the Moon during the Apollo missions, the lunar soil clung to
spacesuits due to its electrostatic charge, and the lunar dust was tracked into the living
environment by astronauts who had been exploring the lunar surface [62]. Astronaut Harrison
Schmitt described his reaction to lunar dust as “lunar hay fever”, including sneezing, watering
eyes, and sore throat [63]. Lunar dust in the lunar exploration module represents a biological
hazard to the astronauts, with particles 5-10 microns capable of accumulating in the central
airways and smaller particles, 0.5-5 microns, infiltrating the alveoli [94]. The still smaller sizes of
dust, 0.1 micron and below, can be transported through the olfactory bulb into the brain [95].
However, it is not known how deep into the brain lunar dust might infiltrate nor how removal

might occur.
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The overall geology of the Moon further affects the soil composition. The bright and
dark regions on the lunar surface are the highlands and maria, respectively [96]. The maria are
the result of lava flows on the Moon. In general, the maria coincide with the lowlands, but
there are exceptions in which lowland areas are not covered in mare, for example the South
Pole-Aitken basin [97]. The highlands are composed primarily of anorthosite, while the maria is
basaltic. This means that there is variation in the mineral composition of lunar soil in different

places that is accounted for in the lunar soil simulants chosen for this project.

4.2.2 Biological Effects of Lunar Sail

From terrestrial studies, we understand some of the risks of breathing toxic dust. The
most relevant situations occur following occupational incidents and volcanic ash exposure. For
example, people who were exposed to volcanic ash after the eruption of Mt. St. Helens in 1980
suffered acute effects including bronchitis, wheezing, and eye irritation [98]., 1983). Those with
chronic lung diseases such as asthma and emphysema were disproportionately affected [98]. A
recent study involving the lungs of rats exposed to ashes from Arizona lava fields exhibited
chronic inflammation, septal thickening, and fibrosis [99]. Furthermore, workers in the mining
industry are repeatedly exposed to dust from recently uncovered mineral deposits. A common
outcome of this exposure is silicosis, a disease that develops from long-term exposure to
silicate dust [100]. Silicosis is characterized by coughing and shortness of breath, caused by the
silica dust particles embedded in the alveolar sacs [100].

There is also an accumulating body of evidence on the detrimental effects of particulate
matter in the brain. However, due to the inaccessibility of the brain, concrete conclusions about

these effects can be difficult to obtain. General inflammation is one result, as seen in the brains
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of mice exposed to airborne particles which developed neuronal inflammation, including the
increased expression of the inflammatory cytokines Il-1a, TNFa, and NFkB [101].

While not as well studied, damage to the DNA resulting from dust exposure is also
possible. DNA damage can be both a short-term and a long-term problem. Mutations in nuclear
DNA may lead to cell death or cancer, though the two are not mutually exclusive [102,103],
since dying cells can signal to neighboring cells to promote cell division [104]. Limitations in the
repair of mitochondrial DNA are associated with neurodegenerative disorders [27]. In an animal
study, rats exposed to particles isolated from air pollution developed nuclear DNA mutations in
their sperm [105]. For the human A549 lung cell line, treatment with various particulate
materials caused DNA strand breaks and activated caspase-9, an enzyme released from
mitochondria in a process of cell death [106].

4.2.3 Lunar Soil Simulants

Due to the scarcity of lunar soil available for research, lunar soil simulants are used as a
substitute [93]. The simulants are designed to mimic various aspects of lunar soil. This project
uses five lunar soil simulants and two control particulate materials (Table 4.1). The simulants in
this set exemplify different types of lunar soil with distinctive compositions. For example,
chemically reactive simulants are categorized here as those that generate reactive oxygen
species (ROS). ROS are formed by metals exposed at surface defects in the soil particles that
interact with oxygen when exposed to aqueous solution [107]. However, even some simulants
selected for their physical characteristics may indirectly generate ROS in cells by upregulating

the immune response after upon contact with the cells [108].
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JSC-1A and the agglutinated form of JSC-1A are physical and chemical replicates of
regolith from the lunar mare [109]. NU-LHT-2M and its agglutinated form are chemical
replicates of regolith from the lunar highlands [110]. CSM-CLF is a chemically reactive soil
intended to mirror the ability of lunar soil to generate ROS (Kaur et al., 2016). Quartz, a
mineral, is included because its dust is known to cause silicosis [111]. Compared to the lunar
soil simulants, quartz does not generate high concentrations of ROS in solution [112]. Anatase
also produces low ROS concentration in solution and serves as a control for the physical
response of the cells to particulate matter.

The experiments were performed using two cell lines. The Cath.-a-differentiated (CAD)
cells were isolated from a mouse neuroblastoma [74]. CAD cells can be cultured for active
proliferation or induced to differentiate in culture by serum starvation [74]. These cells allow
for proliferating progenitors and terminally differentiated neurons to be compared directly. The
A549 cell line was developed from a human lung carcinoma. A549 cells are used to represent

lung exposure.

| present data showing that exposure to lunar soil simulants cytotoxic and DNA-damaging
in both the neuronal and the lung cells lines. However, the ability of the simulants to ROS was
not correlated with these cytotoxic or genotoxic effects. | also observed that freshly crushed
lunar soil simulants were more effective at causing cell death and DNA damage than were the

unprocessed simulants as received from the suppliers.
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Table 4.1. Characterization of lunar soil simulants

Particulate Name Purpose or Description
Emulated Location

JSC-1A Low-Titanium Mare | Volcanic ash from Arizona that resembles lunar
maria [109]

JSC-1A Low-Titanium Mare | Treated to form glassy agglutinates [110]

Agglutinated

NU-LHT-2M Highland Replicate of lunar highland basalts [110]

NU-LHT-2M Highland Treated to form glassy agglutinates [110]

Agglutinated

CSM-CLF Geotechnical Developed from Colorado lava [110]

Quartz Control Material Little found on Moon; Known to be cytotoxic
[113]

Anatase (TiOy) Control Material Non-chemically reactive particulate [114]

4.3 Results

Lunar soil simulants were stored and prepared by Joel Hurowitz and Donald Hendrix at

Stony Brook University (See Chapter 6 for details).

Experiments were performed on two cell lines. The cell line Cath.-a-differentiated (CAD)

were cultured from a mouse neuroblastoma [74]. The cells can be grown proliferatively or

differentiated in culture by serum starvation. These cells allow for proliferating progenitors and

terminally differentiated neurons to be compared directly. The A549 cell line was developed

from a human lung carcinoma. A549 cells are used to represent lung exposure.

4.3.1 Cell survival after treatment with lunar soil simulants

In order to understand the effect of lunar soil simulants on cell survival, viability was

measured in CAD cells exposed to various materials. The cells were challenged with JSC-1A as-

Caston 55




received, size sorted to <63 um, or JSC-1A ground to <10 um and re-ground 1 hour before use.
Size-sorting or grinding the simulants was employed for several reasons. Grinding the soil
ensures that the average size is small enough that some particles can be engulfed by cells.
Because the simulants as-received are naturally varied in size, there may be difficulty in
generating consistent responses. Grinding and size-sorting produce a more uniform distribution
of particle sizes. Crushing the simulants also increases their ability to generate ROS [110,112].
Moreover, in the lunar environment, the surface material is continuously subjected to
micrometeor impacts [115], and crushing the soil partially simulates this physical effect.

A dose-dependent cytotoxic effect was observed for PCAD cells for each of the JSC-1A
size classes, with the most significant lethality noted for particles <10 um in size, which reduced
cell survival to 10% at 20 mg/3.8 cm? (Figure 4.1A). In the differentiated cells, the <63 pm and
<10 um size classes caused similar cytotoxicity, but the as-received JSC-1A did not generate
detectable cytotoxicity at doses lower than 20 mg/3.8 cm? (Figure 4.1B). In response to as-
received JSC-1A, TDCAD cells showed greater survival than did PCAD cells at every simulant

level.

Caston 56



A PCAD B TDCAD

100

10

Percent Vaibility

Percent Viability

0 5 10 15 20

0 5 10 15 20
JSC-1A (mg/3.8 cm?) JSC-1A (mg/3.8 cm?)

—O— As-Received = O =63 um ==A=-10 um

Figure 4.1. Freshly grinding JSC-1A may increase its cytotoxicity. Toxicity of JSC-1A, as-received
or ground, on A. PCAD and B. TDCAD cells. Cells were treated for 1 hour with JSC-1A as-
received, sieved to 63 um or freshly ground to 10 um. Cell viability was measured using trypan
blue exclusion dye. Results are normalized to untreated cells which are set to 100%. The error
bars indicate the standard deviation (N=3).

The observed cytotoxicity might be caused by either physical or chemical interaction of
the cells with the simulants. To address this question, cells were treated with simulants that
were shown to generate ROS with varying effectiveness. CSM-CLF generates ROS in the highest
amounts, followed by JSC-1A, with quartz generating the least ROS [110,112]. Despite these
differences, the three materials were similarly cytotoxic to both PCAD (Figure 4.2A) and TDCAD
cells (Figure 4.2B). The A549 cells were more sensitive than were the CAD cells to both quartz
and CSM-CLF (Figure 4.2C). Conversely, cell killing by JSC-1A was slightly less for A549 cells than

it was for CAD cells (Figure 4.2C).
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Figure 4.2. Cytotoxicity is not correlated with ROS-generating activity. A. PCAD, B. TDCAD, or
C. A549 cells were treated with increasing concentrations of 10 um, freshly ground JSC-1A,
CSM-CLF, or quartz. Cell viability was assessed using the trypan blue exclusion dye. These
results are normalized to untreated cells, which are set to 100%. The error bars are standard
deviation (N=3).

When the simulants were used in that state received from the suppliers (i.e., not freshly
ground), significant CAD cell death was observed only in response to CSM-CLF or anatase
(Figure 4.3A). With freshly ground simulants, 20 mg/cm? of material resulted in high levels of
cytotoxicity, but exposure to 10 mg/cm? allowed >10% survival with the majority of the
materials. For PCAD and TDCAD cells, fresh grinding increased the cytotoxicity of all the
simulants, in some cases slightly more dramatically for TDCAD than for PCAD cells (e.g., both
JSC-1A and JSC-1A AGGL) (Figure 4.3B). A549 cells were more sensitive to every simulant than

were the CAD cells (Figure 4.3C). Notably, the two agglutinated simulants caused more cell
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death in the A549 cells did than their un-agglutinated counterparts, but such a difference was

not seen for CAD cells (Figure 4.3C).
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Figure 4.3. Differential sensitivity of neuronal and lung epithelial cells to various lunar soil
simulants. The cytotoxicity of simulants was compared for A. 20 mg/3.8 cm? as-received
material, or B. 10 mg/3.8 cm? 10 um material freshly ground one hour before use. Cell viability
was measured using the trypan blue exclusion dye. The results are normalized to untreated
cells, which are set to 100%. The error bars are standard deviation (n=3). * denotes p<0.05
between JSC-1A and JSC-1A AGGL.
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4.3.2 DNA damage from lunar soil simulants

Damage to cellular DNA can lead to mutations, which may be propagated for the life of
the organism [116]. The cytotoxic effects of DNA damage can also potentiate cancer by
stimulating cell proliferation to replace dead tissue [104]. In order to assay the DNA damage
resulting from exposure to lunar soil simulants, a PCR-based assay [86] was applied to nuclear
and mitochondrial DNA isolated from cells after treatment with the simulants. This technique
allowed for amplification of the mtDNA specifically, without separately extracting it [86]. Many
DNA template lesions can slow down or block DNA polymerases [86,117], so this assay is not
specific for the type of damage. However, DNA with fewer lesions is amplified more efficiently
than is DNA with greater lesion density, thus giving an indirect measure of the damage.

The ratio of mitochondrial to nuclear DNA can vary as a result of the isolation
procedure, the cell treatment, or cell-type differences. Thus, a separate set of PCR reactions
was performed to amplify a small (~100-base-pair) region of either mtDNA or a single-copy
nuclear gene, and the resulting values were used to normalize the respective long-PCR values
that are sensitive to the presence of DNA lesions. The short segments used for this
normalization are unlikely to contain a lesion at biologically relevant levels of DNA damage
(86,117].

PCAD cells and TDCAD cells showed strikingly different levels of DNA damage after
simulant exposure (Figure 4.4). The PCAD cells had little detectable damage in their nuclear
DNA after exposure to any of the freshly ground simulants at 10 mg/cm?, while the DNA
damage detected in TDCAD cells was very high for all the simulants (Figure 4.4a). The DNA

damage caused by quartz and anatase was measured at 5 mg/cm?, because greater amounts of
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those materials gave levels of DNA damage too high to permit a measurement. The TDCAD cells
suffered modest but significant nuclear DNA damage after quartz or anatase treatment, while
little or no DNA damage was detected in PCAD cells (Figure 4.4b). The DNA damage results
contrast with the cell viability data, which showed similar survival outcomes for PCAD and
TDCAD cells for most of the simulants (Figure 4.1). We were not able to measure DNA damage
in A549 cells for technical reasons, and possible nuclear DNA damage from exposure to the as-

received simulants was not assessed owing to material limitations.
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Figure 4.4. Greater nuclear DNA damage in TDCAD than in PCAD cells exposed to lunar soil
simulants. Cells were treated with the indicated simulant for 1 hour, then total DNA was
immediately extracted for PCR. A. 10 mg/3.8 cm? simulant or B. 5 mg/3.8 cm? simulant. Results
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are normalized to untreated cells which are set to 1. The error bars indicate standard deviation
(n=3). * denotes p<0.05 between PCAD and TDCAD treatments.

The results for mtDNA damage were mostly reversed from those observed for nuclear
DNA. Exposure to most of the freshly ground simulants generated less detectable DNA damage
(i.e., greater amounts of PCR product) in the TDCAD than in the PCAD cells (Figure 4.5A). The
converse was seen for cells exposed to quartz or anatase (Figure 4.5B). Of the unground
simulants, only CSM-CLF caused significant mtDNA damage in CAD cells, at about equal levels
for PCAD and TDCAD (Figure 4.5C). The A549 cells suffered only moderate levels of mtDNA

damage after exposure to any of the freshly ground simulants (Figure 4.5A).
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Figure 4.5. PCAD cells may undergo more mtDNA damage than do TDCAD or A549 cells. Cells
were treated with the indicated simulant for 1 hour, followed by immediate DNA was extracted
for PCR. A. Cells treated with 10 mg/cm? freshly ground lunar soil simulants. B. Cells treated
with 5 mg/cm? freshly ground quartz and anatase. C. Cells treated with by 20 mg/cm? lunar soil
simulants as-received. Results are normalized to untreated cells which are set to 1. The error
bars indicate standard deviation (n=3).
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4.4 Discussion

We found that exposure of neuronal and lung epithelial cells in culture to several types
of lunar soil simulants caused cell death and DNA damage. The effects varied with the cell type,
including whether the CAD cells were in the proliferating (precursor) or the fully differentiated
(neuronal) state. In general, using material that had been freshly ground produced much
greater effects than were seen with the simulants as received from the supplier. At first glance,
our results would thus seem in line with the prior observations on ROS production [110,112].
However, there was no consistent variation of either the cytotoxicity or the DNA-damaging
capacity of the materials with their ability to generate ROS in solution. Thus, the cellular (and
likely, the tissue-level) effects of these particulate, regolith-simulating materials is more

complex than simply the ability to generate measurable ROS.

The grinding procedure has at least two effects that could increase the biological impact
of the lunar soil simulants. The increase in surface area per unit volume would certainly
increase the availability of reactive components, such as reduced iron, to participate in ROS-
generating reactions. Perhaps more importantly, the smaller sizes of the particles resulting
from grinding would bring them into the range of microscopic interaction with the cells, which
could even enable cellular uptake of the smallest particles [118]. It is worth noting in this
context that ROS generated by internalized (phagocytosed) particles would likely be

undetectable in the surrounding solution. Uptake of even chemically inert particles also
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stimulates active ROS production by a wide range of cell types via an inflammatory response

[118,119].

Conversely, the impact of externally generated ROS would be greatly dampened by
cellular antioxidant enzymes such as catalase, glutathione peroxidase, superoxide dismutase,
and by small molecules such as glutathione [120]. The potential impact of lunar regolith on
human tissues and the resulting health effects of the particles will thus have to be assessed in
light of their ability to be engulfed by cells or transmitted to deeper tissues, as occurs with
particle uptake into the brain following nasal inhalation [121]. In addition, the results indicate
that the ability of the particles to generate ROS within cells should be investigated, as this
capacity might differ significantly from what is measured with the materials alone in solution

[122].

The cell-type differences in the effects of the various simulants merit some comment.
The similar cell-killing ability of the freshly-ground materials for PCAD and TDCAD cells was
unexpected, as cycling cells are typically more sensitive to DNA-damaging agents than are non-
replicating cells. This typical pattern results from the vulnerability of cellular DNA to damage
during replication, and from the need for an undamaged DNA template for efficient DNA
synthesis [123]. The similar responses to simulant exposure of PCAD and TDCAD cells is thus a
further indication that damage to DNA is not necessarily a critical component of the

cytotoxicity.

The A549 lung epithelial cells appeared to be less sensitive to killing by freshly-ground

JSC1A than were either PCAD or TDCAD cells. Whether this difference indicates greater
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protective mechanisms in lung epithelial cells than in neurons will require additional study.
However, the observation suggests that the extended projections of TDCAD cells [74], like the
axons and dendrites in neuronal tissues, do not necessarily render them more susceptible to

lethal damage to cellular membranes, proteins, mitochondria or other vital organelles.

It is noteworthy that mtDNA damage was not well correlated with cell survival. The
apparent lack of mtDNA damage in the simulant-treated TDCAD cells could arise in two ways.
The rate of capacity of mtDNA repair could be greater in the differentiated than in the
proliferating CAD cells. However, our other studies suggest that this is not the case for TDCAD
cells treated with chemical DNA-damaging agents (Caston et al., in preparation). It is also
possible that damaged mtDNA is eliminated rapidly in TDCAD cells, within the 1-hour treatment
period we used, such that none is detected in the assay. Elimination of heavily damaged mtDNA
has been observed in other cases [124,125] and is an effective option for mitochondria owing

to the presence of multiple copies of mtDNA within a single compartment in the cell.

Clearly, avoidance of lunar dust inhalation will be important for future explorers, but
with increased human activity on the Moon it is likely that adventitious exposure will occur,
particularly for individuals spending long periods of time on that body. A detailed
understanding of the health effects of lunar dust exposure is thus important, and further
defining the cellular and biological impact of materials from various parts of the lunar surface is
warranted. It will be especially critical eventually to study actual lunar regolith samples for their

effects on cell function and the integrity of the cellular DNA.
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Chapter 5

Conclusions and perspectives
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5.1 Conclusions and discussion

The research presented in this dissertation provides an updated picture of mtDNA repair
in differentiated cells. Overall, the DNA repair capacity of mitochondria in CAD cells was not
down-regulated after differentiation. This conclusion is supported by the evidence that shows
that the endonuclease MGME1 was not down-regulated in differentiated CAD cells, and that
ExoG and Fenl were only modestly diminished to ~50% of their expression in the mitochondria
of proliferating CAD cells (Chapter 2; Figures 2.1, 2.2, and 2.4). The reduction of Fenl and ExoG
in the mitochondria after differentiation to ~50% may be biologically significant. The relative
abundance of these proteins compared to their need in proliferating cell mitochondria is not
known, nor how many copies are necessary after differentiation. However, since the level of
MGME1 did not change upon differentiation, this enzyme is an obvious candidate for future

study of long-patch BER in mitochondria.

Despite the availability of these endonucleases, DNA flap excision was diminished in
both nuclear and mitochondrial extracts in differentiated cells compared to cycling precursors
(Chapter 2, Figures 2.7 and 2.8). It may be that both short- and long-patch BER are down-
regulated, as has been observed previously in whole-cell extracts from differentiated cells
[57,59]. However, these flap endonucleases may not be the rate limiting step in DNA repair. If
another enzyme in the pathway catalyzes its reaction at a slower rate, the slower flap excision
activity of differentiated cells would not affect overall repair kinetics. For example, if a
glycosylase activity at the first step of the reactions is reduced, then both short- and long-patch
BER would continue more slowly upon differentiation. Alternatively, if there is diminished

activity of DNA ligase activity, an enzyme that both pathways depend upon, both short- and
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long-patch BER would appear slower. However, there is evidence that DNA ligase Ill, found in
the mitochondria, continues to be expressed upon differentiation [57]. Investigation of DNA

ligase Ill expression in CAD cells will be necessary to gain further insight.

Differentiated neuronal and muscle cells accumulated less mtDNA damage than
proliferating cells when challenged with chemical reagents or lunar soil simulants (Chapters 3
and 4; Figures 3.4, 3.6, and 4.5). This result implies that mtDNA repair in differentiated cells is
faster than that in proliferating cells, which would contrast with the results from Chapter 2,
which show that flap excision in differentiated cells is attenuated. However, since the
mitochondria have multiple genomes per mitochondrion, the failure to detect damage in the
mtDNA of differentiated cells does not necessary imply that the DNA was repaired. Heavily
damaged mitochondrial genomes can be degraded rather than repaired [125,126]. It may also
be true that the differentiated cell mtDNA is somehow protected from accumulating damage.
For instance, mitochondrial targeted antioxidants may neutralize the reactive oxygen species

generated by hydrogen peroxide or exposure to lunar soil simulants [120].

The TDCAD cells represent a non-cycling neuronal cell. Failure of TDCAD cells to repair
their DNA may be an indication failing DNA repair in aging neurons. As discussed previously,
neurodegeneration is correlated with decreased mitochondrial DNA repair capacity [27,127],
which may result in an increased sensitivity to DNA damaging agents [128,129]. BER seems to
be particularly down-regulated during the aging process [130,131], and the results reported in
Chapter 2 are consistent with this change in level. For example, mitochondrial DNA glycosylases

studied in five regions of the mouse brain showed a pronounced decline in activity associated
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with age [132]. Nuclear DNA glycosylase activities also declined, but decline was limited to the
cerebellum [132]. The diminished enzyme activity in these reports reflects the decreased flap

excision activity seen in the TDCAD cells compared to PCAD cells.

5.2 Future directions

Experiments need to be performed that elucidate if short-patch BER is attenuated in
mitochondrial of differentiated cells. In order to assess the ability of differentiated cells to
complete short-patch repair BER, cell extracts may be incubated with an oligonucleotide
substrate that mimics a lesion that is normally repaired using the short-patch pathway, for
example an abasic site [44,57]. Using both whole-cell and mitochondria extracts will elucidate

whether the BER is diminished upstream of long-patch flap excision.

There is also a possibility that mitochondria or mtDNA are being degraded before the
DNA damage and repair can be assayed. Mitophagy can be measured in the cells using
immunofluorescence by marking mitochondria which co-localize with the autophagosome,
usually marked by Parkin [51]. If mitochondria in CAD cells are found to be going through
mitophagy, inhibition of this pathway should prevent degradation of damaged mtDNA, which
could then be analyzed using the PCR-assay. There are multiple ways to inhibit mitophagy using
small molecule inhibitors. Bafilomycin and chloroquine both inhibit autophagy, which would
prevent mitophagy in addition to degradation of other organelles [133]. Alternatively,
mitochondrial fission, a step in mitophagy, can be inhibited using mdivi-1, a chemical inhibitor
of mitochonderial fission protein Drp-1 [134]. However, mitochondrial fission is necessary for
general mitochondrial function, as well, including cell growth, cell division, and redistribution of

mitochondria after differentiation [135,136].
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In Chapter 2, | discussed knock-down of BER proteins as the next logical step to
understand mitochondrial BER. Reducing expression of the mitochondrial BER endonucleases
MGME1 and ExoG will test their requirement in for mtDNA repair. In consideration of the
published literature, other relevant proteins would include OGG1 and Lig3, both implied to be
diminished in aging and diseases neurons [137,138]. OGG1 has a mitochondria-specific
isoform, OGG1-2a [139]. DNA ligase lll is not mitochondria specific, but the protein does
contain a known mitochondrial targeting signal that could be targeted to deplete only
mitochondrial DNA ligase Ill [33,140]. There are other mitochondrial-specific proteins involved
in BER that could be studied, for example isoforms of the DNA glycosylases MYHa and UNG1

[141,142].

Potential outcomes of protein knock-downs to measure should include DNA integrity as
well as signs of neurodegenerative disease. The condition of the mtDNA can be measured by
assessing the quantity of lesions, such as oxidized bases, oxidized AP sites, or double strand
breaks. As mentioned, Alzheimer’s disease may involve impaired BER [137,143-145]. Inability
to complete BER may be causative to neurodegenerative diseases. The most obvious
measurement of Alzheimer’s disease would be amyloid beta plaques [146], but other measures
of neuronal health, such as calcium signaling [147] or optical measurements of neuronal activity

[148], with allow for a more general understanding of neuronal function [149].

In addition to cell culture work, mouse knockout models would allow for disease
progression to be measured in absence of BER enzymes. A mouse knockout would more

directly measurement of causality between deficient BER and neurodegeneration. A knock-out
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mouse model has been characterized for OGG1 [150], and a conditional mouse knock-out was
developed for Apel [151]. Both of these mouse models display increased oxidative damage
compared to wild type mice. Moreover, transient focal cerebral ischemia induced in mice with
Apel deficiency impaired cognitive recovery, as well as resulting in the long-term loss of white
matter [151]. Neurodegeneration was not observed in mice without induced neuronal damage,
but at only 12 weeks of age these mice may not have been old enough to develop
neurodegeneration. Allowing the APE1 knock-out mice to mature or combining APE1 and OGG1
knockout may induce neurodegeneration. In this case, the BER knockout phenotype could be
compared to a neuronal disease mouse model, such as that for Alzheimer’s disease. Comparing
the onset of disease markers, such as onset of amyloid beta plaque formation [65,152],
neurofilament light chain present in the cerebrospinal fluid [153], and apoptosis [154] will
reveal any role of these proteins in neurodegeneration. Another benefit of using a mouse
model is the ability to test behavior as well as molecular markers [155]. The insights gained by
these experiments will be useful not only for understanding the relationship between BER and
neurodegeneration, but also for developing useful pharmaceuticals for treating

neurodegenerative diseases.
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Chapter 6

Materials and methods
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6.1 Cell Culture

Proliferating CAD cells were grown in Dulbecco's Modified Eagle Medium mixed in equal
proportion with Ham’s F12 medium (DMEM/F12) (HyClone #SH30271.01), then supplemented
with 10% fetal bovine serum (Corning # 35-010-CV) and 1% of a penicillin/streptomycin mixture
(Gibco #10378016). Differentiation was stimulated by growing CAD cells in serum-free
DMEM/F12, supplemented with 20 ug/ml transferrin and 50 ng/ml sodium selenite.
Differentiated CAD cells were grown on plates coated with poly-L-lysine at 20 mg/ml. Cells were

fully differentiated after 5 days [74].

A549 Cells were grown in Ham’s F12K (Kaighn's) nutrient medium supplemented with

10% fetal bovine serum and 1% of a penicillin/streptomycin mixture.

Muscle cell culture as performed by Dr. Paula Fortini, Istituto Superiore di Sanita, Rome Italy

From[61]: Murineskeletal MSCs were isolated from the hind limb muscles of young
FVB;129 mice. MSCs were maintained as actively proliferating adult stem cells (myoblasts) and
induced to differentiate in post-mitotic myotubes by modifying the cell growth conditions. In
particular, myoblasts were subcultured in the growth medium (GM; F-10 nutrient mixture plus
glutamax supplemented with 10% of fetal calf serum, 100 U/ml penicillin/streptomycin, 3%
chicken embryo extract (obtained from 10- to 11-day-old embryos) and 2.5 mg/ml of
recombinant human FGF-basic (Peprotech, Rocky Hill, NJ, USA)). To induce terminal
differentiation, the GM was replaced with the differentiation medium (Dulbecco’s modified
Eagle medium plus glutamax, supplemented with 10% fetal calf serum and 100 U/ml penicillin/

streptomycin). Cells were incubated at 38 1C, 10% CO2. The efficiency of cell differentiation
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was routinely controlled by staining with MHC antibodies, and evaluation of the differentiation
and fusion indexes. The differentiation index is calculated as the percentage of nuclei belonging
to MHC-positive cells on total nuclei. The fusion index is calculated as the percentage of nuclei

belonging to MHC-positive cells possessing three or more nuclei on total MHC-positive cells

6.2 Western blotting

Cells were lysed using an SDS based buffer (Cell Signaling #9803), on ice for 30 minutes
with vortexing. Cell debris was spun out at 10,000 xg for 10 minutes. Protein content was
measured using Bradford reagent. Protein extracts were loaded in a 12% poly-acrylamide gel
(Invitrogen #NP0343B0OX) and run at 116 volts for two hours in MOPS buffer (NuUPAGE
#NP00O01). Transfer was done for 3 hours on ice onto a PDVF membrane in transfer buffer
(NuPAGE #NP0006-1), followed by ponceau staining to confirm transfer. The membrane was
blocked for one hour in 3% bovine serum albumin (BSA) at room temperature. Primary
antibodies and secondary were diluted into 3% BSA and incubated one hour with the
membrane at room temperature. Between primary and secondary antibodies the membrane
was washed for 30 minutes in phosphate buffered saline (PBS) +0.1% tween. After the
secondary antibody the membrane was washed three times for ten minutes each in PBS with
0.1% tween, then washed once for ten minutes in PBS before imaging. Primary antibodies
included anti-Apel 1:100 (Novus NB100-101), anti-DNA2 1:500 (abcam ab96488), anti-ExoG
(abcam ab77736), anti-Fen1 1:700 (novus NB100-320), anti-NDYFA9 (Complex 1) 1:1000 (abcam
ab14713), anti-TFAM 1:1000 (cell signaling 7495). Secondary antibodies were Goat anti-Rabbit
1:10,000 (licor) and Goat anti-Mouse 1:10,000 (licor). Imaging was performed on Licor Odyssey

(Classic ODY-1716).
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6.3 Immunofluorescence

Cells were grown in 12 well plates on top of coverslips to a density of 20,000 cells. The
cells were incubated in Mitotracker Red diluted to 0.3 ug/ml in FBS-free media for 30 minutes.
Cells were fixed in 4% PFA for 20 minutes at room temperature. The cells were then blocked for
2 hours in 0.3% BSA, 0.2% Triton X in PBS at room temperature followed by Fenl (abcam
70815) diluted 1:700 in blocking buffer (0.3% BSA, 0.2% triton x, in PBS) overnight at 4°C. Cells
were washed twice in PBS for 10 minutes, then incubated in FITC anti-rabbit (1:50) for 1 hour at
room temperature in the dark. Cells were washed twice for 10 minutes in PBS and mounted

using Fluormount-G (SouthernBiotech #0100-01). Imaging was done on a confocal microscope.

Cell-by-cell quantification was performed on the immunofluorescence images by first
applying a threshold to the image to remove background fluorescence. Then a region including
the mitochondria of one cell was selected and the average Fenl fluorescence intensity within
the mitochondria was measured. The average intensity of Fen1 in the mitochondria was then
divided by the cell area. This resulted in numbers ranging from 0.0001 to 0.009. The average
intensities per cell were then binned into intervals of 0.00039. This analysis indicates that PCAD

cells and TDCAD cells have nearly equal distributions of Fen1l in their mitochondria.

6.4 Whole Cell and Mitochondrial Extract Flap Assay

Extracts were made into enzyme lysis buffer (10 mM Tris-HCI, 200 mM KCl, 600 mM KCl,
2 mM EDTA, 40% (v/v) glycerol, 0.2% NP-40, 2 mM DTT, 0.5 mM PMSF, 1x protease inhibitor
cocktail) and incubated for 1.5 hours, then spun down at 10k xg. The extracts were mixed with

1 ul of 1 uM flap substrate (1pmol) (Table 6.1) and 10x reaction buffer (50 mM Tris-HCI (pH 8.0)
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30 mM NaCl, 2 mM DTT, 0.1 ug/ul BSA, 2 mM MgCI2, 5% glycerol, 10 m ATP). Whole cell
extracts were incubated for 30 minutes at 37°C with 0.1, 0.5, or 1 pg of extract in a0 ul reaction.
Mitochondrial extracts were incubated for 15, 30, 45, or 60 minutes at 37°C in a 10 ul reaction.
For positive control, 0.5 ul of 4ng/ul Fen1 (51 nmol) was mixed with 1 pmol substrate. Reactions
were terminated with an equal volume of formamide (10 pl) and run on a 16% TBE/Urea gel
(15% acrylamide, 1x TBE (tris-borate-EDTA), 7M Urea, 26% formamide (v/v), 0.004% TEMED

(v/v), 1% ammonium persulfate (w/v)) in TBE buffer.

Band intensity was measured by selecting equally sized sections around each band.
Quantitation of the gel data was accomplished by dividing the band density of the product by
the band density of the substrate and product combined. The substrate-product ratio

generated by purified Fenl was set to 100% and each sample was normalized to that ratio.

Table 6.1. Flap substrate oligonucleotides.

Name Sequence (5’-3’)

FBR1G GGACTCTGCCTCAAGACGGTAGTCAACGTG

FLAPGT13 TAMARA-GATGTCAAGCAGTCCTAACTTTTTTTTTTTTTTTTGAGGCAGAGTCC
FLAP3B1 CACGTTGACTACCGTC

6.5 Mitochondrial Extraction

Cells were grown in three-tier tissue culture flasks (nunc) until confluent. Four flasks of
cells were used per experiment. Cells were trypsonized and spun down at 900xg in a sorvall RT
legend centrifuge. Cells were resuspended in hypotonic buffer (20mM HEPES-KOH pH 7.4, 5mM

MgCl2, 5mM KCl, 1 mM DTT) and spun again, then suspended in fresh hypotonic buffer for 10
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minutes. Cells were homogenized with 20 strokes of a dounce homogenizer, or until 90% of
cells were broken when viewed under a microscope. Then 6 ml of 2xMSH buffer (20Mm HEPES-
KOH pH 7.4, 4mM EDTA, 2 mM EGTA, 5mM DTT, 0.42 mannitol, 0.14 M sucrose) was added per
9 ml of homogenate and spun down at 9000xg in the Sorvall Legend RT for five minutes twice,
to remove nuclei. The supernatant was layered onto 0.8 M sucrose in a centrifuge tube and spin
at 10,000 rpm for 10 minutes in a HB6 rotor (16,000xg). This pellet was re-suspended in 1ml
MSH buffer supplemented with 50 ug/ul BSA. A sucrose step gradient was made using 0.8 M
and 1.5 M sucrose in a 3:1 ratio. The solution containing the mitochondria was layered onto the
sucrose and spin at 23K rpm for 30 minutes in an ultracentrifuge in an SW32 rotor (40,000xg).
The band of mitochondria was diluted into 4 volumes of MSH and spun at 14k rpm for 10
minutes to repellet. Mitochondria were then lysed using RIPA buffer and protein concentration

was measured using Bradford reagent.

6.6 siRNA Knockdown

PCAD cells were plated in 6 well plates and allowed to grow overnight. 1 ul of Allstar
Negative Control siRNA Alexa Fluor 488 (Qiagen # SI03650318) was mixed with 250 pl DMEM
and, in a separate tube, 10 ul of Lipofectamine 2000 (ThermoFisher Scientific #11668027) was
mixed with 250 ul DMEM. Each solution was incubated separately for 5 minutes, then mixed
and incubated 25 minutes. Media in plates was replaced with 1.5 ml DMEM. 500 ul of siRNA/
lipofectamine mixture was added to each well. Cells were incubated for 24 hours, then media
was replaced with fully supplemented DMEM/F12. 48 hours after transfection cells were

imaged.
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6.7 Cell Viability

6.7.1 Trypan Blue Exclusion Dye

Cells were plated in 6 well plates and allowed to grow over night for proliferating cells,
or 5 days for differentiated cells. After treatment with a DNA damaging agent in serum free
media, the media was replaced with fully supplemented media and the cells were allowed to
recover for 24 hours. Cells were released from the plate with 2 ml of trypsin for 10 minutes,
then 80 pl of cells was mixed with 40 ul of trypan blue dye. Cells were counted with a

hemocytometer under the microscope.

6.7.2 (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) (MTT)

20,000 cells/well were plated into 96 well plates and allowed to grow over night for
proliferating cells, or 5 days for differentiated cells. After treatment with a DNA damaging agent
in serum free media, the media was replaced with fully supplemented media and the cells were
allowed to recover for 24 hours. The media was then removed and replaced with phenol free
media containing 1.2 mM MTT reagent. After a two hour incubation, the media was removed
and cells were lysed with 0.04% HCl in isopropanol. The plates was read at 595 nm and 660 nm.

The 660 nm reading accounted for cellular debris and was subtracted from the 595 nm reading.

6.8 qPCR Assay

For dose response experiments, cells were incubated for the indicated time with DNA
damaging agent in serum-free medium. Immediately after the treatment, the chromosomal

DNA was extracted using the Qiagen 20/G DNA extraction kit (Qiagen #10223). To avoid
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removing the mitochondrial DNA, the cell lysate was not pelleted before applying the samples
to the DNA isolation columns. DNA was resuspended in Tris-EDTA and incubated overnight at

4°C. DNA quantification was performed using the Picogreen reagent (Thermo-Fisher P11496).

The PCR assay was based on a previously described protocol [156]. Briefly, the long PCR
amplification measures the amount of damage to the DNA. If the polymerase encounters a
lesion, it may be blocked, resulting in less product. Since the mitochondrial and nuclear DNA are
both present in the sample, the DNA quantification used to prepare the PCR consists mostly of
nuclear DNA. In order to account for any changes in the mitochondria-nuclear DNA ratio which
might affect the interpretation of the long PCR result, a short PCR is used to measure the total
amount of mtDNA present in the sample. During the short PCR, the polymerase is less likely to
come across lesions than the long PCR due to the fewer nucleotides the polymerase will
encounter. This assay has the advantages of requiring only nanograms of DNA, enabling gene
specific measurement of DNA damage, and allowing for direct comparison of mitochondrial and
nuclear DNA in the same samples.

Primers were altered as listed in Table 2. Amplification reaction was performed with the
mouse mitochondrial primers, both long and short, in a total volume of 50 pl containing 15 ng
DNA template, KAPA Long Range Buffer, 100 ng/ul bovine serum albium 800 uM dNTPs, 400 nM
primer forward and reverse, 1.5 mM MgCl,, and 1 unit KAPA Long Range Hotstart DNA
polymerase. The nuclear PCR was identical with the exception of using 100 mM primer. For the
short mitochondrial PCR, the thermocycler was programmed for 3 min at 95°C as initial
denaturation, followed by 22 cycles of 15 sec at 95°C for denaturation, 45 sec at 59°C as

annealing, 1 min at 68°C for extension, and final extension at 72°C for 10 min. For the long
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mitochondrial PCR, the thermocycler was programmed for 3 min at 95°C as initial denaturation,
followed by 22 cycles of 15 sec at 95°C for denaturation and 12 min at 66°C as annealing and
extension, and final extension at 72°C for 10 min. The long nuclear PCR was programmed for 3
min at 95°C as initial denaturation, followed by 27 cycles of 15 seconds at 95°C for denaturation
and 12 min at 64°C for annealing and extension, and final extension at 72°C for 10 min.

The long PCR product is 10,965 bp, and the short PCR product is 119 bp, so in
order to normalize for this difference, the raw PCR data were divided by the product lengths.

The control was then normalized to 1.

Table 6.2. Primers for gPCR

Primer Name Primer Sequence (5'-3')

Mouse Mitochondrial Long Sense CCATTCTAATCGCCATAGCCTTCC
Mouse Mitochondrial Long Antisense GAGGACTGGAATGCTGGTTGGTGG
Mouse Mitochondrial Short Sense CCCAGCTACTACCATCATTCAAGT
Mouse Mitochondrial Short Antisense GATGGTTTGGGAGATTGGTTGATG
Mouse Nuclear (B Globin) Sense TTGAGACTGTGATTGGCAATGCCT
Mouse Nuclear (B Globin) Antisense CCTTTAATGCCCATCCCGGACT
Human Mitochondrial Long Sense TCTAAGCCTCCTTATTCGAGCCCGA
Human Mitochondrial Long Antisense TTTCATCATGCGGAGATGTTGGATGG
Human Mitochondrial Short Sense CCCCACAAACCCCATTACTAAACCCA
Human Mitochondrial Short Antisense TTTCATCATGCGGAGATGTTGGATGG

Lunar Soil Simulant Storage and Grinding

As performed by Donald Hendrix, Stony Brook University, Stony Brook, NY

Lunar soil simulants were ground to <10 um in a planetary ball mill (Retch PM 100)
fitted with an agate grinding container and agate grinding balls at 350 rpm for 10 minutes. After

grinding, samples were placed in vacuum storage in a Labconco vacuum desiccator at ~10mbar
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pressure over desiccant. Samples were removed when an aliquot was required for

experimentation.

One hour before experiments, 0.2 g of each lunar simulant was reground by hand in an
agate mortar and pestle for 10 min. Lunar simulant accumulated on the sides of the mortar
were scraped off regularly to ensure effective grinding of the entire aliquot. Both the mortar
and pestle were thoroughly rinsed with water and ethanol before switching samples to prevent

contamination between samples.
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Appendix |
DNA-protein crosslink formation in mitochondria
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Appendix 1.1: Introduction

Rachel Audrey Caston and Bruce Demple. Risky repair: DNA-protein crosslinks formed by
mitochondrial base excision DNA repair enzymes acting on free radical lesions. Free Radical

Biology and Medicine 107 (2017) 146—-150 [13]

Appendix 1.1.1 Formation of DNA-Protein Crosslinks (DPC)

In the nucleus, the majority of lesions handled via BER can in principle be repaired using
the short-patch pathway [157][158]. However, some lesions can be repaired only by the long-
patch pathway. One reason is that BER polymerases, and certain DNA glycosylases, form
covalent links to the DNA via transient Schiff base intermediates during their lyase reactions.
However, enzyme attack on some lesions forms an amide linkage that traps the proteinin a
stable covalent link to the DNA (Figure 3A). A clear example is the trapping of DNA polymerase
B (PolB) [159] or Escherichia coli endonuclease 1l [160] by 2-deoxyribonolactone (dL). The dL
lesion was the first characterized oxidative product in DNA, and it results from hydroxyl radical
attack on the C1’ carbon of a nucleotide [161]. The 5’-dRP of Pol attacks the oxidized carbon
using a lysine nucleophile, generating a DPC anchored by an amide bond. Recently, the in vivo
formation and removal of PolB-DPC formed by oxidative agents was characterized in human
and mouse cells[64,162]. Formation of Polf DPC was a result of Pol’s mechanistic role in BER.
Cells treated with oxidizing agents generated PolB DPC, with a low background level of Pol

DPC even in untreated cells. The effectiveness of an agent in producing the PolB-DPC in cells
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correlated directly with the agent’s ability to generate dL lesions, and non-oxidative agents such
as methyl methanesulfonate were not effective. A substitution of the Polf lyase active-site
lysine by alanine prevented the formation of oxidatively generated DPC. Even the background
DPC in untreated cells was eliminated for the lyase-defective protein[64], which indicates that
this spontaneous accumulation is due to lesion processing by the enzyme.

Some DNA glycosylases can also be trapped by dL or other oxidatively generated lesions.
Oxanine in DNA traps bacterial Fpg, Nei/endonuclease VIII, and AlkA proteins, as well as
eukaryotic Oggl [163]. 5-Hydroxy-5-methylhydantoin traps Fpg, Nei/Endo VIIl, and mammalian
NEIL1 [164]. These DPC differ from those formed by Polp with dL in two ways: the mechanism
of trapping in these two cases is via a direct reaction with the modified base, and they occur in
an unbroken DNA strand. Relatively stable DPC can even be formed by some lyases acting on
normal AP sites, as reported for poly(ADP-ribose) polymerase-1 [165].

There is evidence for the generation of mitochondrial DPC. Mitochondrial Pol y is
trapped in vitro by dL, either with the purified protein or in mitochondrial extracts from Hela
cells[44]. Preliminary evidence from our lab has also revealed the formation of DPC containing
Pol y in oxidant-treated whole mitochondria. The other mitochondrial DNA polymerase,
PrimPol, has not been shown to have lyase activity. Although no studies have been reported on

them, other mitochondrial lyases would likely also be trapped by dL in mitochondrial DNA.

Appendix 1.1.2 Repair of Oxidatively Generated DPC

It seems likely, even obvious, that DPC would need to be removed from DNA to prevent

the disruption of transcription and replication. Nuclear PolB-DPC accumulate in oxidant-treated
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cells incubated with the proteasome inhibitor MG132, indicating that proteolysis is an early
step in their excision from the DNA[64]. The accumulated DPC, which are cytotoxic, also contain
ubiquitin, of which 65-75% depends on the Polf lyase: the lyase-inactivating K72A substitution
(preventing the formation of oxidative PolB-DPC) eliminates the bulk of ubiquitin from
oxidatively generated DPC in MG132-treated human cells[64]. Similarly, most of the ubiquitin
trapped in DPC in oxidant-treated murine fibroblasts depends on PolB[64]. These data imply
that ubiquitylation of PolB-DPC targets their processing by the proteasome.

Mitochondria contain their own set of proteases, located in the intermembrane space,
the inner membrane, and the matrix [64]. So far, E3-ubiquitin ligases are reported only for the
outer membrane of mitochondria, so their involvement in processing DPC in mtDNA seems
unlikely. In the matrix, where the mtDNA is located, AAA proteases perform quality control
degradation and the removal of mitochondrial targeting sequences. LONP1 and ClpP proteases
degrade oxidized proteins in the mitochondrial matrix [166]. It is possible that one or more of
these proteases also degrades the protein component of DPC.

In the absence of repair, cells may have damage tolerance pathways. For example,
translesion DNA polymerases can synthesize past a DPC or its residual peptide in an unbroken
DNA strand, thus using proteasome-coupled repair as a form of damage tolerance [167]. This
process would not remove the peptide-DNA adduct, but it could prevent cytotoxicity. However,
it is uncertain whether appropriate translesion DNA polymerases to support such a process
occur in mitochondria. There is some evidence that PrimPol is capable of translesion synthesis
across UV products, 8-oxo-7,8-dihydroguanine, or an abasic site [40,41,48]. In this context,

though, it should be realized that the PolB-DPC differ in an important way from the DPC

Caston 86



processed by translesion synthesis: the former are trapped at sites of a strand break, which is

expected to prevent DNA synthesis across them.

Appendix 1.2 Methods

Isolated mitochondria were suspended in a buffer containing 1 mM ADP, 5 mM glutamic acid,
20 mM sodium-malate, 20 mM BSA, 1x MSH buffer (described in chapter 6), 60 mM KCl, 10 mM
MgClz, and 1 mM K;HPOa. Copper ortho-phenanthroline (5 mM) was made by mixing 50 mg of

phenanthroline in 300 ul of DMSO with 40 mg of copper in 50 ml dH-0.

The slot-blot/RADAR assay was performed as previously described[64,168]. Briefly,
mitochondria were lysed using DNAzol with 1% Sarkosyl for 30 minutes. DNA was precipitated
with a half volume 100% ethanol, then washed twice with 70% ethanol before resuspending in
10mM Tris-HCl containing 1mM EDTAeNa; (1xTE). DNA (1 pg) from each sample was bound to
a nitrocellulose membrane using a vacuum slot-blot manifold. The membrane was blocked in
casein from bovine milk for 1 hour, then blotted for 1 hour with primary antiserum (against
DNA polymerase y) and secondary antibody goat anti-rabbit 1:10,000 (licor). Imaging was

performed on a Licor Odyssey (Classic Edition, Serial #0DY-1716).

Appendix 1.3 Results

A slot-blot assay was used to measure DPC [64]. DNA was isolated from mitochondria
using a combination of chaotropic salts and detergents that effectively separates DPC from free
protein [168]. The DNA was adsorbed to a nitrocellulose membrane and immuno-blotted for

DNA polymerase y. The slot blot was not sensitive enough to detect polymerase y in whole-cell
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samples, so mitochondria were isolated from Hela cells to measure DNA polymerase y DPC

formation.

The ability of polymerase y to be trapped in oxidative DPC was shown by incubating the
mitochondria with increasing concentrations of copper ortho-phenanthroline (CuOP) (Figure
S1.1). The trapping of polymerase y appeared to increase with the concentration of CuOP used

to treat the mitochondria.

0 1 10 100 CuOP (M)

e o

- e s S5 = .-_ a-Poly

Figure Appendix1.1 Mitochondria accumulate DNA polymerase y DPC. Isolated mitochondria
from Hela cells were treated with increasing concentrations of CuOP for 30 minutes. Due to the
variability of the DPC detection at the lower concentrations, all three replicates are shown.

Mitochondria are lacking in some DNA repair pathways, but it is expected that DPC will
need to be removed. The turnover rate of DPC in mitochondria was addressed by incubating
mitochondria with CUOP for 30 minutes (and transfer to buffer without CuOP), then following

the DPC levels during 4 hours of recovery (Figure S1.2). A 4 hour control was included to
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account for changes in mitochondrial function with time and mitochondria activity was

measured using MTT reagent at the beginning and end of the time course.

Removal of the DPC was not consistent between experiments. For example, the second
and fourth rows have no DPC at 1 hour of recovery, but at later time points DPC is detected
again (Figure S1.2). The fourth row also has more DPC at 0.5 hour recovery than at 0 hour
recovery. The variability of the assay does not allow for any solid conclusion to be drawn about

DPC clearance in mitochondria.

Time (hr)
Control Control
0hr 0 0.5 1 2 ahr
¥ ——— )
Experiment #1] —— ——— 4
Experiment #2 = ————
. s, o .
Experiment #3 — — o
-
Experiment #4] R — s | ]
a-PolY

Figure Appendix1.2 DNA polymerase y DPC may be cleared from mitochondria. Mitochondria
isolated from Hela were treated with 10 uM CUOP for 30 minutes, then collected by
centrifugation at 15kxg and resuspended in fresh buffer. Mitochondria were then allowed to
recover up to 4 hours. An untreated sample was also incubated for 4 hours. Four experiments
are shown.
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Appendix 1.4 Concluding Remarks and Future Directions

Rachel Audrey Caston and Bruce Demple. Risky repair: DNA-protein crosslinks formed by
mitochondrial base excision DNA repair enzymes acting on free radical lesions. Free Radical

Biology and Medicine 107 (2017) 146—-150 [13]

The generation of oxidatively generated DPC during mitochondrial BER is coming into
focus. Poly-DPC are formed in mitochondrial extracts incubated with the oxidatively generated
lesion dL[44,159], and preliminary data indicate the formation of Poly-DPC in isolated
mitochondria treated with dL-forming oxidants. Whether Poly-DPC can be detected in intact
cells remains to be seen. In the nucleus, the lyase active site of Polf is essential for the
observed protein trapping. The active site of the lyase in Poly has yet to be characterized,
however, making a similar mechanistic test of Poly trapping difficult. Moreover, processes for
removing mitochondrial DPC have not yet been described. The nuclear DPC degradation
mechanism is dependent upon E3-ubiquitin ligase activity and the proteasome, which do not
seem to have mitochondrial counterparts. Thus, new mechanisms for coping with DPC may

emerge as the processing of these lesions in mitochondria is defined.
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