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Abstract: Mitochondrial function in cells declines with aging and with 
neurodegeneration, due in large part to accumulated mutations in 
mitochondrial DNA (mtDNA) that arise from deficient DNA repair. 
However, measuring this repair activity is challenging. Here we 
employ a molecular approach for visualizing mitochondrial base 
excision repair (BER) activity in situ by use of a fluorescent probe 
(UBER) that reacts rapidly with AP sites resulting from BER activity. 
Administering the probe to cultured cells revealed signals that were 
localized to mitochondria, enabling selective observation of mtDNA 
BER intermediates. The probe showed elevated DNA repair activity 
under oxidative stress, and responded to suppression of glycosylase 
activity. Furthermore, the probe illuminated the time lag between the 
initiation of oxidative stress and the initial step of BER. Absence of 
MTH1 in cells resulted in elevated demand for BER activity upon 
extended oxidative stress, while the absence of OGG1 activity limited 
glycosylation capacity.  

Introduction 

Genetic information in mammalian cells is stored in two 
repositories: nuclei and mitochondria.[1] Nuclear DNA (nDNA) in a 
human cell contains 3.3 billion base pairs (bp), distributed among 
46 chromosomes and harboring 20,000–25,000 protein-coding 
genes.[2] In contrast, mitochondrial DNA (mtDNA) is a circular 
gene-dense supercoiled molecule of ca. 16,500 bp, which 
encodes two rRNAs, 22 tRNAs, and 13 polypeptides, and 
comprises 0.1–2% of cellular DNA by mass.[3] While the 
importance of mutations that arise in nDNA is widely recognized, 
mtDNA mutations, which can compromise mitochondrial function, 
have also been implicated in over 200 disorders including aging,[4] 
cancer progression,[5] and neurodegenerative disorders.[6] 
Mutations in mtDNA occur 10–20 times more frequently than in 
nDNA both due to the lack of protective histones and to the 
mitochondrial electron transport chain that generates DNA-
damaging reactive oxygen species (ROS).[7] Moreover, mtDNA, 
which replicates throughout the cell cycle (the entire cycle takes 
only ~2 hr and even persists in nondividing cells)[8], accumulates 
mutations approximately one order of magnitude more rapidly 
than nDNA.[9] 

The major DNA repair mechanism in mitochondria is base 
excision repair (BER).[10] The critical first step of BER begins with 

the recognition and removal of a damaged nucleobase by a 
damage-specific glycosylase enzyme, creating an 
apurinic/apyrimidinic (AP) site.[11] This is subsequently cleaved by 
a lyase activity, and the resulting one-base gap is filled in by 
polymerase and ligase activities to complete the repair process.[7a] 
Given the high frequency of DNA-damaging events — estimated 
at over 10,000 events per cell per day[12] — the DNA repair 
pathways in mitochondria can be overwhelmed, with serious 
consequences. As such, maintaining the integrity of mtDNA via 
active repair is essential for healthy life, and studies of mtDNA 
damage and its repair have significant relevance to human health. 

Classical methods for quantifying DNA damage and measuring 
DNA repair activity have included the quantification of DNA 
lesions by mass spectrometry, isotope-dilution methods, 
quantitative polymerase chain reaction (qPCR) methods from 
isolated cellular DNA,[13] and measurements using an 
oligonucleotide containing a damaged base with a DNA repair 
enzyme extracted from cells or tissues.[14] The methods all require 
isolation and multi-step analysis, and thus are relatively slow and 
labor-intensive. In addition, the studies are performed outside of 
their biological context, which can result in inaccuracies; for 
example, it has been shown that common DNA lesions such as 
8-oxo-7,8-dihydro-2’-deoxyguanine (8-oxo-dG) can arise as an 
artifact during sample preparation.[15] In general, in vitro 
measurements of glycosylase activity can be biased by not 
accurately representing enzymatic function in vivo, considering 
that many glycosylase enzymes do not turn over in vitro, while 
they do so in living systems by interacting with other cellular 
components.[16] Thus, there remains an unmet need for simpler 
and more direct methods of measuring DNA repair activity, 
particularly in the mitochondrial context where damage and 
mutations are elevated. In addition, the availability of an in situ 
method for observing DNA repair responses could enable the first 
measurements of dynamics of the damage response processes. 

Herein, we describe a novel strategy for visualizing mtDNA 
BER activity in living cells by a cell-permeable small-molecule 
fluorescent probe. We find that the probe, UBER (universal base 
excision reporter, Figure 1a), recently shown to react with AP sites 
in DNA in vitro,[17] is cell permeable and responds to enzymatic 
base excision in mtDNA of living cells via a robust light-up 
response. We further report that the probe is two-photon-active, 
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enabling convenient imaging in tissue sections. This readily-
implementable approach visualizes the real-time activity of the 
mtDNA BER process in native cellular and tissue environments 
under varied conditions such as oxidative stress and drug-
mediated inhibition. With this approach, we explore the elevation 
and timing of the DNA repair responses upon the induction of 
exogenous DNA damage, and we correlate responses to the roles 
of two major DNA repair enzymes.	 

Results and Discussion 

We considered the possibility that measurement of mtDNA 
BER activity in living cells might be achieved by detecting AP sites, 
which are critical intermediates in BER. The technical challenge 
of this goal has been that previously reported aldehyde reactive 
probes (ARP) labelling AP sites with aminooxy-functionalized 
fluorophores and affinity tags do not engender a light-up or 
fluorogenic response.[19] Moreover, they react well with aldehyde 
interferents that are present in cells. As a result, utilization of such 
probes in cells has been limited to quantification of AP sites from 
isolated DNA by gel-based assays rather than real-time 
visualization in the native context. Toward this goal, we tested the 
reactive UBER probe (green “CCVJ1” variant[17]), which 
undergoes highly selective and rapid oxime formation with the 
aldehydic form of AP sites in DNA (Figure 1a) and affords a high 
fluorescence enhancement that obviates the need for isolation or 
washing steps. To assess the formation of covalent binding of 
UBER to AP sites and the light-up response, we prepared an 
oligonucleotide containing a single deoxyuracil (Figure 1b). 
Addition of uracil DNA glycosylase (UDG) to a mixture of the 
oligonucleotide and UBER (10 µM) yielded >200-fold 
fluorescence enhancement within 20 min (Figure 1c). When the 
deoxyuracil in the oligonucleotide was replaced by deoxycytosine, 
which is not a substrate for UDG, no light-up signal was observed. 
MALDI-TOF analysis of the reacted oligonucleotide after 
UDG/UBER documented covalent bond formation with the AP 
site with almost full conversion (Figure 1d).  

Not only the aldehyde but also the cavity defined by the missing 
base in an AP site plays a critical role in the detection. The cavity 
provides the proximity effect to the planar portion of UBER which 
markedly accelerates the oxime formation, and results in a highly 
constrained environment which affords high quantum yields.[17] To 
evaluate the importance of the AP site cavity, a set of small-
molecule aldehydes was tested with UBER, but none afforded 
fluorescence enhancement (Figure S1). In addition, UBER 
detected AP sites even in the presence of high levels of glucose 
(500 equiv.) that also contain the aldehyde moiety in equilibrium 
without any kinetic compromise (Figure S2). Lastly, other 
aldehydic lesions such as 5’-aldehyde generated at DNA strand 
breaks afforded very low enhancement (Figure S3). The role of 
the cavity in AP sites enables selective detection of AP sites in 
cells which contain many potential interferents. We note also that 
while endogenous AP sites are formed both by glycosylase 
activity and spontaneous depurination that is dependent on pH 
and temperature,[18] the glycosylase activity is likely primarily 
responsible for the fluctuation of AP site levels inside cells where 
pH and temperature are constant. 

Initial tests involving simple incubation of the probe with HeLa 
cells resulted in punctate green signals observable within an hour 
by confocal microscopy (Figure 2a, Figure S4). Note that previous 
studies of mtDNA replication using bromo-deoxyuridine (BrdU) 
with antibody staining in fixed cells also showed similarly located 
punctate signals.[20] Intracellular localization of UBER signals was 
examined by co-labeling with Hoechst 33342 (nucleus, blue) and 
MitoTracker DR (mitochondria, red) to evaluate intracellular 
locations of the new signals relative to nuclear or mitochondrial 
DNA (Figure 2b). Colocalization analysis indicated that UBER co-
localizes with the mitochondrial dye (PCC = 0.872), while it does 
not overlap with Hoechst (Figure 2c). Images overlaid with a ~0.5 
µm of vertical offset confirmed that green fluorescent signals from 
UBER always appeared in the spots where mitochondria are 
located (Figure 2d). A distinctive feature of UBER in this imaging 
is that it shows different fluorescence intensities in each 
mitochondrion (marked with arrows in cyan and yellow), while 
MitoTracker stains most mitochondria fairly evenly (Figure 2e). 
This result implies that UBER is not simply localized in 

Figure 1. (a) Chemistry of UBER green fluorescent probe reacting with the aldehyde form of the AP site in DNA, and the chemical structure of the UBER probe, 
containing a dark rotor dye that lights up when constrained by reaction in DNA. (b) Scheme of in vitro test of UBER binding to an AP site generated by UDG which 
removes uracil in DNA. (c) Fluorescence real-time responses of UBER (10 µM) with oligonucleotides (1 µM) containing deoxyuridine or deoxycytidine in the 
presence or absence of UDG (10 U/mL). (d) MALDI-TOF spectra of the oligonucleotides used in the in vitro tests, confirming covalent reaction with AP-containing 
DNA. 
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mitochondria due to its chemical structure, but rather suggests 
that the probe responds to differential biology of distinct 
mitochondria. This differing fluorescence intensity in mitochondria 
is also consistent with the known heteroplasmy of mtDNA,[21] 
which results in varied levels of function among different 
mitochondrial compartments within a cell (Figure S5).  

It is interesting to note that UBER shows very little fluorescence 
response localized to nuclei under the conditions studied here, 
despite the fact that much more DNA is present in the nucleus 
relative to mitochondria. One possible explanation includes 
potentially poor nuclear membrane penetrance by the small 
molecule probe. To evaluate this possibility, we fixed and 
permeabilized the cells, then treated with probe and imaged the 
fluorescence signal (Figure S6). In this case, the UBER signal 
was observed from the nucleus as well as mitochondria, which 
adds evidence that nuclear membrane permeability of the probe 
is a limiting factor in intact cells. 

While the mitochondrial localization of UBER signals along with 
its known DNA-selective reactions are suggestive of labeling of 
AP sites in mtDNA, more evidence was needed of this 
hypothesized response. As a positive control, cells were exposed 
to an oxidant (KBrO3) that is known to generate reactive radical 
species inducing oxidative damage to cellular DNA, in particular, 
elevating levels of 8-oxo-dG (Figure S7).[22] This lesion is known 
to be excised exclusively by the mitochondrial isoform of the 
enzyme OGG1.[23] Analysis by flow cytometry showed that HeLa 
cells under oxidative stress exhibited stronger fluorescence 
signals from UBER (Figure 3a,b), plausibly due to the enhanced 
mtDNA repair activity in the presence of elevated levels of 
oxidative damage. Note that the generation of radical species by 
KBrO3 in the absence of DNA outside of cells caused negligible 
fluorescence enhancement of the probe (Figure S8). In addition, 
mtDNA pellets isolated from the cells incubated with UBER 
exhibited higher signals when the cells underwent oxidative stress 

(Figure S9), adding direct evidence of association of the probe 
with the mtDNA itself. The UBER imaging experiment was further 
evaluated in SW620 and SW480 colorectal cancer cell lines to 
test generality of the observations. Metastatic SW620 cells are 
reported to have a higher mtDNA copy number than do primary 
SW480 cells.[24] Consistent with this, UBER exhibited a higher 
fluorescence intensity in SW620 cells and the treatment of KBrO3 
showed a greater extent of enhancement in SW620 (Figure 3c). 
These observations support the capability of the UBER probe for 
detecting AP sites that arise from oxidative damage and repair in 
mtDNA.  

As negative control experiments, mtDNA repair activity was 
reduced in two ways: by lowering the number of DNA lesions, and 
by suppressing repair activities. 8-oxo-dG, the most common form 
of oxidative damage in DNA,[25] either arises directly in DNA or 
can be incorporated by a polymerase into mtDNA in the form of 
the damaged nucleotide 8-oxo-dGTP.[26] DNA polymerase 
gamma (Pol𝛾) is believed to be solely responsible for mtDNA 
synthesis.[27] The repair of the mtDNA lesion once incorporated 
into DNA is carried out by OGG1, the primary enzyme responsible 
for the excision of oxidized guanine lesions. We first tested the 
Pol𝛾 inhibitor 2’,3’-dideoxycytidine (ddC) with HeLa cells in order 
to reduce the incorporation of oxidatively damaged nucleotides 
into mtDNA.[28] Consistent with our hypothesis, flow cytometric 
analysis showed lower signals with UBER upon the addition of 
ddC in dose-dependent manner (Figure 3d), which we attribute to 
decreased mtDNA damage levels as a result of lowered 
incorporation of damaged nucleotides. Additionally, we 
demonstrated a mtDNA-selective damage reduction by using a 
mitochondrial uncoupling reagent, BAM15. Mitochondrial 
superoxide production is steeply dependent on the 
electrochemical proton gradient. Correspondingly, mitochondrial 
uncoupling has been identified as a cytoprotective strategy that is 
able to protect against mitochondrial oxidative damage by 

Figure 2. (a) Schematic description of UBER probe binding to the lesion in mitochondrial DNA and affording fluorescence signal. (b) Confocal fluorescence images 
of Hoechst 33342, UBER, and MitoTracker DR in HeLa cells. (c) Histogram of fluorescence intensity extracted from the overlaid image in Figure 2b and colocalization 
coefficient plots of UBER with MitoTracker and Hoechst. (d) Images overlaid with a vertical off-set from Figure 2b. (e) Magnified images showing three mitochondria. 
Hoechst (10 µg/mL, λex = 405 nm, λem = 415–470 nm, tinc = 30 min), UBER (10 µM, λex = 488 nm, λem = 497–626 nm, tinc = 5 h), MitoTracker DR (500 nM, λex = 633 
nm, λem = 645–735 nm, tinc = 30 min). 
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reducing the production of ROS.[29] Treatment with BAM15 higher 
than 5 µM for 5 h resulted in lowered fluorescence intensities of 
UBER (Figure S10), which is consistent with the previous reports 
that mitochondrial uncoupling reduces the production of ROS and 
corresponding oxidative damage in mitochondria. 

Secondly, the oxidative damage-specific glycosylation activity 
in HeLa cells was attenuated by treatment with a potent OGG1 
inhibitor, SU0268 (IC50 = 0.059 µM), for 24 h (Figure 3e).[30] Upon 
incubation with SU0268, HeLa cells exhibited decreased 
fluorescence intensity under both normal and oxidative stress 
conditions, which indicates reduced 8-oxo-dG base excision 
activity as expected. Taken together, the AP site-selective light-
up response of UBER, the mitochondrial localization of signals 
and association with isolated mtDNA, the responses to oxidative 
stress and to multiple enzyme inhibition, all support the notion that 
the UBER probe reacts with and generates signals at AP sites 
that arise in mtDNA as a result of damage excision.	 

One question that arose during our early experiments was the 
issue of repairability of UBER adducts in mtDNA. Since UBER 
forms relatively stable covalent bonds with AP sites, the addition 
of UBER to the cells might lead to the accumulation of the 
covalent probe in mtDNA, which could be mutagenic or toxic 
unless the adduct is repairable by cellular repair processes. 
Incubating 10 µM UBER in the cell culture media for an extended 
period of three days did not show any further accumulation of 
UBER in the cells (Figure 3f), which shows that it reaches a 
steady state of incorporation into mtDNA and removal from the 
DNA without overt cytotoxicity (Figure S11). In vitro study with 
cytosolic cellular lysate containing mitochondrial BER proteins 
documented the repair activity toward UBER labeled AP sites 
(Figure S12). Once the probe was removed from the media, the 
fluorescent signal diminished over the subsequent two days 
(Figure 3f). The results imply that the UBER adduct is eventually 

Figure 3. (a) Confocal images of control cells, oxidatively stressed cells with KBrO3, and mtDNA-depleted cells treated with ddC, after washing unreacted probe 
out. (b) Flow cytometric analysis showing the fluorescence intensities depending on the concentration of KBrO3 in the cellular media. (c) Flow cytometric analysis 
data of colorectal cancer cells (left) and enhancement under oxidative stress (right). (d) Flow cytometry data of mtDNA repair activity measured in HeLa cells by 
UBER upon the addition of ddC for 2 days. (e) mtDNA repair activity measured in HeLa cells by UBER upon the addition of OGG1 inhibitor SU0268 under normal 
vs. oxidative stress conditions. (f) Fluorescence intensity in cellular media after removing UBER from the media. (g) Illustration of mitochondrial dynamics during 
the cell cycle. (h) Cell cycle analysis with UBER: FACS analysis data of HeLa cells stained with Hoechst (5 µg/mL) for an hour indicating the amount of DNA in 
each cell. (i) FACS analysis data showing the relative intensities of UBER (10 µM) and Hoechst in each cell. (j) Fluorescence intensity comparison of UBER in 
G0/G1 cells and G2/M cells. (k) Preparation process of the cells with stimulated mitochondrial biogenesis, and the fluorescence intensity of UBER (10 µM) in growing 
and stimulated HeLa cells. Fluorescence intensity was collected at 530 nm with excitation at 488 nm. [UBER] = 10 µM, [Hoechst] = 10 µg/mL, [KBrO3] = 2 mM. 
Incubation time: 48 h (ddC) and 24 h (SU0268). λex = 405 nm (Hoechst), 488 nm (UBER), λem = 410–450 nm (Hoechst) and 500–800 nm (UBER).  
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removed from mtDNA, and then cannot be re-incorporated into 
the DNA.  

Mitochondria fuse and elongate during the G1–S transition, 
then undergo fission, fragmentation, and segregation at G2 and 
M phases (Figure 3g).[31] To investigate how the fluorescence 
signal is influenced during mitosis, cell cycle analysis with UBER 
probe was carried out. We employed Hoechst 33342 to correlate 
the fluorescence signal from UBER with the amount of DNA at 
different phases of the cell cycle. As the DNA content doubles 
during the mitosis, cells in different phases mark their cell-cycle 
phase by the relative Hoechst intensity indicating the amount of 
DNA (Figure 3h). UBER afforded higher fluorescence intensity in 
the cells in G2/M phase, which is consistent with the fact that the 
mitochondria replicate their DNA prior to cell division 
(predominantly in the late S and G2 phases, Figure 3i,j).[32] To 
further confirm that the biogenesis of mitochondria (and mtDNA) 
contributes to the increase of UBER signal, we synchronized 
HeLa cells in G0/G1 phases by culturing in serum-free media for 
24 h, then mitochondrial biogenesis was stimulated by 
exchanging the media with 10% FBS containing media. It has 
been reported that when synchronized cells re-enter the cell cycle, 
the copy number of mtDNA increases > 1.5-fold at 4 h after the 

re-entry.[33] Consistent with the previous observation, the 
synchronized cells showed higher fluorescence intensity from 
UBER at 4 h after re-entry (Figure 3k). 

We employed UBER to further explore the effect of OGG1 and 
another front-line defensive enzyme against oxidative DNA 
damage, namely MTH1 encoded by the NUDT1 gene. MTH1 
binds to 8-oxo-dGTP and hydrolyzes its triphosphate moiety 
between α and β phosphates, preventing its incorporation into 
DNA (Figure 4a).[34] In the experimental setup, two knockout (KO) 
HAP1 cell lines by CRISPR-Cas9 were studied (HAP1 wild type, 
MTH1-knockout, and OGG1-knockout, Figure 4b). Deficiency in 
each of these enzymes is known to increase susceptibility to 
oxidative damage in cellular DNA.[35] The chief difference between 
the MTH1 and OGG1 KO cell lines is expected to be the 
glycosylation capacity: the OGG1-deficient cell line is expected to 
have reduced glycosylation capacity, while the MTH1-deficient 
cells should have full glycosylation capacity.  

Flow cytometric analysis with UBER shows that the MTH1 
knockout cell line exhibits a higher mtDNA base excision activity 
than WT, as might be expected due to the elevated levels of 
oxidatively damaged nucleotides entering DNA from the 
nucleotide pool (Figure 4c). Interestingly, the OGG1 KO cell line 

Figure 4. (a) Scheme of the incorporation of 8-oxo-dGTP into mtDNA and its repair by BER process. (b) Experimental setup for evaluating the effect of two DNA 
repair enzymes under oxidative stress. (c) mtDNA repair activity comparison in three HAP1 cell lines: Wild-type, MTH1 KO, and OGG1 KO. (d) Changes in the 
amount of 8-oxo-dG in the cellular DNA quantified by ELISA, after oxidative stress for 2 h. (e) DNA repair activity change under oxidative stress. (f) DNA repair 
activity under oxidative stress for 2 h and 24 h. (g) Fluorescence enhancement comparison in three HAP 1 cells lines under oxidative stress for 2 h and 24 h. 
[UBER] = 10 µM, [KBrO3] = 2 mM 
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showed slightly higher mtDNA repair levels (as indicated by 
UBER) than WT HAP cells, despite of the absence of OGG1 
which is one of the major glycosylases. We hypothesize that other 
repair glycosylases likely compensate for the absence of OGG1 
quite efficiently, which in aggregate are able to cover mtDNA 
damage when it is not severe. As a result, higher DNA damage in 
OGG1 KO cells resulted in a mildly elevated level of AP sites. We 
speculate that the absence of OGG1 is likely rescued by Nei-
like1–3 (NEIL1–3) and/or MutYH glycosylases, which are 
responsible for the repair of the hydantoin products related to 8-
oxo-dG and adenine bases inappropriately paired with 8-oxo-dG, 
respectively.[36]	 

Next, we explored whether the absence of these enzymes 
affected the kinetics of the cellular response to oxidative damage; 
UBER’s cell permeability, fast reaction and light-up response 
would make such measurements possible. Although kinetics 
methods for in vitro study of DNA repair enzymes are well 
established,[37] methods for observing repair processes in cells 
over time are quite limited.[38] To evaluate the kinetics of DNA 
repair activation after initiation of exogenous oxidative stress, 
HAP1 cell lines were exposed to KBrO3 for 2 h, then the changes 
of DNA damage and repair activity were observed over time. As 
a substrate of DNA repair, oxidative DNA damage was monitored 
by quantifying the concentration of 8-oxo-dG in the isolated 
cellular DNA by ELISA at different time points. As reported, the 8-
oxo-dG increased over time upon the addition of KBrO3 (Figure 
4d).[39] The concentration of 8-oxo-dG reached a plateau, while 
cells remained under the oxidative stress, and began to decrease 
1 h after the oxidant was removed from the culture medium. On 
the other hand, DNA repair activity as measured by UBER began 
to increase after the cells underwent oxidative stress for 1.5 h, 
and reached a peak ca. 45 min after the oxidant was removed; 
signals then decreased rapidly (Figure 4e). The results point to 
the time lag between the exogenous DNA damage caused by the 
oxidant and the subsequent elevation of DNA repair activity. 

Previous studies have observed that in vitro exposure to ROS 
activates a sophisticated network of DNA damage-response 
systems;[40] however, it has not previously been possible to 
observe the timing of this activation in real time. It is interesting 
that all three cell lines under these relatively mild oxidative 
conditions showed little or no difference in the kinetics and extent 
of DNA repair activity enhancement. 

To evaluate the effect of these defensive enzymes under 
conditions in which DNA damage is more pronounced, the 
oxidative stress was extended to 24 h for the three cell lines. In 
this more severe case, higher levels of direct DNA damage are 
expected, along with the increased incorporation of oxidized 
dNTP, where the role of MTH1 would play a role (Figure 4f,g). 
Under these conditions, the mtDNA base excision activity was 
greatly elevated in the MTH1 KO cell line, consistent with 
expectations and also consistent with prior observations that this 
cell line is more vulnerable to oxidative damage than is the WT 
line.[35] In the case of the OGG1 KO cell line, mtDNA base excision 
activity appeared to be enhanced the least. Given that the OGG1 
KO cell line is expected to undergo similar or higher levels of DNA 
damage than in WT cells, the lower glycosylation activity of the 
OGG1 KO cell line appears to be insufficient to cope with the 
oxidative damage. The results can be explained by the attenuated 
glycosylation capacity; under this extensive oxidative stress, cells 
lacking OGG1, the major glycosylase combating oxidative 
damage, appear to reach their limit of glycosylation capacity. 
Overall, under conditions where DNA damage is relatively mild, 
the absence of MTH1 or OGG1 was observed to be compensated 
for by other DNA repair enzymes. However, when the DNA 
damage is extensive, the absence of a nucleotide surveillance 
enzyme (e.g., MTH1) can lead to a need for higher DNA BER 
repair activity. In the absence of OGG1 activity, cells reach the 
effective limit of glycosylation, increasing the accumulation of 
DNA damage.  

Figure 5. (a) Schematic procedure of the preparation and imaging of fresh mouse brain thin slices. (b) Visualized mtDNA repair activity in four regions of mouse 
brain (frontal cortex (FC), caudate putamen (CP), hippocampus (CA1 and CA3), and cerebellum (CE)) by two-photon microscopy. (c) Fluorescence intensity 
enhancement under oxidative stress (N = 3). [UBER] = 20 µM (for tissue), [Hoechst] = 10 µg/mL, [KBrO3] = 10 mM (for tissue). Incubation time: 4.5 h. λex = 780 nm 
(Hoechst) and 950 nm (UBER), λem = 410–450 nm (Hoechst) and 500–800 nm (UBER). Thickness of brain slices: 300 µm. Imaging depth: ~130 µm. 
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Given the UBER probe’s responses to oxidative stress and to 
repair enzyme modulation, we next applied this system to 
measure mitochondrial DNA repair activity in living tissue. 
Importantly, we observed that the probe is two-photon excitable 
at 900–950 nm (Figure S13), which enables excitation in the 
biological absorption window maximizing tissue penetration and 
minimizing autofluorescence.[41] In addition, we observed very 
high photostability in the dye (Figure S14), which is a useful 
property for imaging carried out under high light intensity. Given 
that impaired mtDNA repair activity in the brain has been 
implicated in aging and neurodegenerative disorders,[42] 
visualizing mtDNA repair activity in the brain has the potential to 
be a powerful tool in the study of these pathologies. No such 
imaging is currently available. Measuring an analyte in tissue level 
using a fluorescent probe, however, can be easily biased by 
numerous factors affecting fluorescence intensity of the probe by 
the heterogeneous nature of tissue.[43] In order to compensate for 
factors that cause local variations in fluorescence signal such as 
microenvironment and local concentration, we adopted a new 
procedure, in which acute brain slices are hemi-sectioned, then 
one hemisphere is incubated with UBER under oxidative stress, 
while the other hemisphere is incubated with UBER under normal 
tissue-supportive conditions (Figure 5a). Direct comparison of 
these two mirror-image hemispheres compensates for non-
specific fluorescence that disturbs the fluorescence signal from 
mtDNA repair activity, and allowed us to reliably measure the 
dynamic fluorescence enhancement due to glycosylation activity.  

The acute brain sections were prepared from four distinct 
mouse brain regions, which are reported to have relatively high 
mtDNA repair activity in young animals (Figure 5a).[14] After the 
slices recovered from sectioning were bathed in artificial 
cerebrospinal fluid (aCSF) for 30 min to preserve the cellular 
physiology and activity of enzymes in the brain tissue, the slices 
were incubated with UBER and imaged under a two-photon 
microscope (Figure 5b). Brain slices incubated under oxidative 
stress displayed enhanced fluorescence intensity relative to basal 
signals (Figure 5c). Fluorescence enhancement in the frontal 
cortex was observed to be higher than that in the hippocampus 
(CA1 and CA3), which is consistent with previous reports, 
measured with mitochondrial extracts, that hippocampal mtDNA 
repair glycosylases exhibit lower activity when compared with 
preparations from the cortex.[44] One phenomenon that we noted 
in two-photon images of hippocampus is that fluorescence 
enhancement was significantly higher in the pyramidal layer and 
stratum radiatum (outlined by dotted lines), where pyramidal 
neuron cell bodies and their dendrites reside, respectively. This 
observation is consistent with early studies of oxidative damage 
repair enzymes in neural cells and tissues; the expression level of 
MutYH DNA glycosylase involved in the repair of oxidative 
damage was found to be increased in neural mitochondria in 
rats,[45] and OGG1 is reported to protect neurons against oxidative 
DNA damage.[46] The ability of UBER to measure and distinguish 
between variable levels of repair activity in different regions of the 
brain is a unique feature of this probe. 

Conclusions 

We have described the unprecedented direct imaging of the 
spatiotemporal evolution of DNA damage exposure and repair in 
mitochondria. This was enabled by the cell-permeable small-

molecule probe UBER (CCVJ1), detecting AP sites as they are 
formed by base excision. Co-localization analysis reveals that the 
majority of fluorescence signal localizes in mitochondria, and the 
probe responds over a period of hours to elevated damage arising 
from exogenous oxidants, resulting in enhanced fluorescence 
intensity, and reports on the effects of inhibitors of enzymes that 
contribute to damage and repair of mtDNA. The probe can 
distinguish between differential mitochondrial function and repair 
in distinct cell lines, and it can be employed both in imaging mode 
and quantified by flow cytometry. Further, we show that the probe 
is two-photon active with excitation at 950 nm, enabling 
convenient and detailed microscopic imaging of repair activity in 
fresh brain tissue with low background, and revealing different 
repair signals in distinct regions of the acute brain slices. Finally, 
we have employed UBER to observe dynamics of mtDNA 
damage and its repair, revealing relationships between 
cooperating repair pathways. Given that DNA repair processes 
involve many proteins that interact with each other intricately, 
DNA repair activities are arguably best and most accurately 
measured in the native context. Thus, the new UBER probe holds 
the potential to provide novel insights into mtDNA damage and 
repair biology as well as into the many pathologies that are 
associated with impaired mitochondrial function.      
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A light-up fluorescent probe (UBER) that reacts rapidly with AP sites resulted from DNA base excision repair (BER) visualizes BER 
process of mitochondrial DNA (mtDNA) in cells. Monitoring mtDNA BER process in cells over time illuminated the time lag between 
the initiation of oxidative stress and the initial step of DNA repair, along with the effect of DNA defensive enzymes, MTH1 and OGG1. 
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