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Cancer cells develop protective adaptations against oxidative DNA damage, providing a strong rationale for
targeting DNA repair proteins. There has been a high degree of recent interest in inhibiting the mammalian
Nudix pyrophosphatase MutT Homolog 1 (MTH1). MTH1 degrades 8-0xo-dGTP, thus limiting its incorporation
into genomic DNA. MTH1 inhibition has variously been shown to induce genomic 8-oxo-dG elevation, genotoxic
strand breaks in p53-functional cells, and tumor-inhibitory outcomes. Genomically incorporated 8-oxo-dG is
excised by the base excision repair enzyme, 8-0xo-dG glycosylase 1 (OGG1). Thus, OGG1 inhibitors have been
developed with the idea that their combination with MTH1 inhibitors will have anti-tumor effects by increasing
genomic oxidative DNA damage. However, contradictory to this idea, we found that human lung adenocarci-
noma with low OGG1 and MTH1 were robustly represented in patient datasets. Furthermore, OGG1 co-depletion
mitigated the extent of DNA strand breaks and cellular senescence in MTH1-depleted p53-wildtype lung
adenocarcinoma cells. Similarly, shMTH1-transduced cells were less sensitive to the OGG1 inhibitor, SU0268,
than shGFP-transduced counterparts. Although the dual OGG1/MTH1 inhibitor, SU0383, induced greater
cytotoxicity than equivalent combined or single doses of its parent scaffold MTH1 and OGG1 inhibitors, IACS-
4759 and SUO0268, this effect was only observed at the highest concentration assessed. Collectively, using
both genetic depletion as well as small molecule inhibitors, our findings suggest that 0GG1/MTH1 co-inhibition
is unlikely to yield significant tumor-suppressive benefit. Instead such co-inhibition may exert tumor-protective
effects by preventing base excision repair-induced DNA nicks and p53 induction, thus potentially conferring a
survival advantage to the treated tumors.

1. Introduction inhibitors, TH588 and TH287, have been shown to also produce DNA

double strand break (53BP1) foci [8]. However in subsequent studies,

Due to the hallmark genomic instability in cancer, targeting DNA
repair pathways in tumors is a clinically promising paradigm (e.g. ATR
inhibitors, PARP inhibitors) [1]. In the past five years, there has been
great interest in targeting the mammalian 8-oxo-dGTPase, MutT Ho-
molog 1 (MTH1) [2,3]. MTH1 depletion has been shown to promote
DNA breaks in the context of oncogenically-induced oxidative stress
[4-6] and uncapping of short telomeres in cancer cell lines which
manifests as double strand breaks [7]. The first-in-class MTH1

the cytotoxicity of these inhibitors as well as their best-in-class deriva-
tive, TH1579 (karonudib) [9], has been attributed to their enhanced
genomic 8-0xo-dG incorporation [9-12], as significant enhancement of
DNA breaks relative to control conditions are observed only if recom-
binant OGG1 is added to the treated cells during the comet assay.
However, a body of in vitro and in vivo work has shown that genomic
8-0x0-dG, in and of itself, is not a genotoxic lesion but instead a mildly
mutagenic one [13]. In contrast to the TH inhibitors, other
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independently developed MTH1 inhibitors have been unable to produce
robust anti-tumor effects, despite comparable or better target engage-
ment [14-18] and similar inhibition of MTH1 8-oxo-dGTPase activity
and genomic 8-0x0-dG incorporation [19]. We and others have surmised
that the cytotoxicity of TH588 and TH287 is not due to their inhibition
of MTH1 8-oxo-dGTPase activity but rather due to their direct produc-
tion of reactive oxygen species (ROS) or other off-target activity
[19-21]. As karonudib is derived from the same scaffold [9], this may be
true for karonudib as well.

ROS can exacerbate MTH1 functional loss by increasing genomic 8-
oxo-dG through situ oxidation of dG as well as by generating oxidized
nucleotides [22-24], which can then be incorporated by DNA poly-
merases with varying degrees of fidelity [25-27]. Genomic 8-0x0-dG is
repaired by the base excision repair (BER) enzyme, human
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8-oxoguanine glycosylase (OGG1). We reasoned that co-inhibition of
OGG1 along with MTH1 would recapitulate the enhanced genomic
levels presumed to underlie the cytotoxicity of the TH inhibitors, if this
is indeed their main mode of action. OGG1-knockout animals are viable
and pathologically unremarkable [28], suggesting normal cells tolerate
its deficiency, and several OGG1 small molecule inhibitors have been
developed that show excellent target engagement [29,30]. However, to
the best of our knowledge, to date there are no studies that have
investigated the specific molecular effects of OGG1 co-inhibition on the
mechanisms and anti-tumor outcomes of MTH1 inhibition. Here, we
investigate how OGG1 co-inhibition in cancer cell lines alters the
well-characterized effects of MTH1 inhibition [4]. To this end, we uti-
lized MTH1/0GG1 co-depletion via shRNA, co-treatment with OGG1
and MTH1 small molecule inhibitors as well as treatment with a novel
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Fig. 1. Lung adenocarcinomas show a selective disadvantage against high OGG1 levels in the context of low MTH1 (NUDT1) status.

A. MTH1 and OGG1 mRNA expression levels in paired normal/tumor non-small cell lung cancer (NSCLC) patient-derived tissues. Each number represents a specimen
pair from a distinct patient. Normalized tumor values (each sample value divided by the value from its normal counterpart, set to 1 as per the horizontal line) are
shown for OGGI and MTHI. B. Frequency (percentage) of OGGI1 vs. MTH1 mutations or copy number alterations (CNA). Gene amplifications (red), mutations
(green), and deletions (blue) are shown for lung adenocarcinoma specimens from 816 patients. Graphs are derived from The Cancer Genome Atlas (TCGA) lung
adenocarcinoma (LUAD) datasets at chbioportal.org. C. Correlations between MTH1 and OGG1 levels in the above LUAD dataset. Spearman and Pearson correlation
coefficients are shown (generated automatically at cbioportal.org). Expression levels are indicated by z-scores, which represent the numbers of standard deviations
above or below the mean raw gene expression. The black gridlines demarcate low MTH1 (Lo M, z-scores 0 or lower) vs. robust OGG1 (Hi O, z-scores 2 or higher)
levels and the red gridlines demarcate low OGG1 (Lo O, z-scores 0 or lower) vs. robust MTH1 (Hi M, z-scores 2 or higher) levels. Normal (Nrml) values are designated
for z-scores greater than O and less than 2. Quadrants made by the intersecting gridlines are labeled according to the legend on the right of the graph. Note the
significant representation of tumors with low OGG1 and low MTH1 (Lo O/Lo M) and the lack of Hi O/Lo M tumors. D. Immunoblot showing OGG1 and MTH1 levels
in H23 xenograft tumors. Flash-frozen tumors were lysed and total protein lysate probed against the indicated antibodies, with actin as the loading control. Tumor
sizes (in mm®) corresponding to the samples are indicated below the immunoblot lanes. Quantitated OGG1 levels (normalized to their actin signals) from the shGFP
and shMTH1 tumors are shown below the immunoblot (error bars indicated £SEM). Note that the variation in tumor OGG1 levels observed in the shGFP samples are
collapsed to the low OGG1/low MTH1 (Lo O/Lo M) category in the shMTH1 samples. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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OGG1/MTH1 dual inhibitor developed by members of our team [31].
Our results support that, rather than increasing cytotoxicity, OGG1
co-inhibition protects against the anti-tumor effects of targeting MTH1
by limiting the DNA strand breaks, p53 induction, and cellular senes-
cence evoked by MTH1 inhibition.

Our studies, therefore, indicate that OGG1 is critical for inducing the
tumor-suppressive outcomes that arise from suppressing functional
MTH1. Complementarily, we postulate that preventing repair of
genomically incorporated 8-0xo-dG (leading to steady-state increases in
8-0x0-dG incorporation) by OGG1 inhibition antagonizes the tumor-
suppressive effects of MTH1 inhibition. Further, our results suggest
that the low or mutated OGG1 observed in some human cancers [32-36]
may serve as a tumor-protective adaptation against irreparable DNA
breaks that can occur as byproducts of BER.

2. Results

2.1. Lung adenocarcinomas do not exhibit elevated OGG1 in the context
of low MTH1 expression

We have previously shown that MTH1 expression and 8-oxo-
dGTPase activity are elevated in human lung adenocarcinomas rela-
tive to counterpart normal tissues [4,19,37,38]. To assess whether
OGG1/MTHI co-inhibition is likely to enhance anti-tumor outcomes, we
evaluated whether OGG1 levels were elevated globally in human lung
adenocarcinoma specimens or in tumor subsets without enhanced
MTH1 expression. Using paired non-small cell lung cancer mRNA
specimens, we found that unlike MTH1, OGG1 levels were not perva-
sively elevated in the tumor relative to its normal tissue counterpart
(Fig. 1A).

Similarly, the percentage of lung adenocarcinomas in The Cancer
Genome Atlas (TCGA) dataset (cbioportal.org) with OGG1 amplifica-
tions were far lower than those with MTH1 amplifications (Fig. 1B;
~0.4% vs. ~6% respectively, in red). Indeed, changes in OGG1 were
nearly equally distributed between amplifications, mutations, and de-
letions whereas the dominant change in MTHI was amplification
(Fig. 1B). When we determined the inter-relationship between MTH1
and OGG1 expression in lung adenocarcinoma, there was a small but
significant positive correlation between the two, and tumors with both
low MTH1 and low OGG1 were robustly represented in this 816 patient
cohort (Fig. 1C). This suggested to us that lung adenocarcinomas with
low co-expression of these genes (Lo O/Lo M) were not particularly
underrepresented in the disease spectrum, as might be expected if low
levels of both gene products selected adversely against tumor growth
and/or progression. Indeed, as seen from the co-expression quadrants
based on z-scores (as defined in Fig. 1C), the only tumors not repre-
sented in the patient samples were those with high OGG1 and low MTH1
expression (Hi O/Lo M).

We also evaluated OGG1 expression in protein lysates derived from
xenograft tumors formed by the H23 lung adenocarcinoma line in
shGFP- and shMTH1-transduced counterparts [4]. As previously re-
ported by us [4], the tumor take by the H23 shMTH1 is very low and
approximately 30% of injection sites form tumors. Whereas there was a
variation in OGG1 expression in the control shGFP tumors, we found
that the only tumors formed by MTH1-depleted cells had all selected for
overall low OGG1 expression (categorized as Lo O/Lo M, Fig. 1D)
compared to shGFP tumors. Interestingly, the largest tumor in the con-
trol shGFP group had the lowest OGG1 expression (Fig. 1D).

Collectively, these findings in human patient and xenograft tumors
presaged that low OGGl would not necessarily produce tumor-
inhibitory effects either alone or in conjunction with low MTHI.
Rather they suggested that robust OGG1 function may in fact be detri-
mental to tumors with low or inhibited MTH1.
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2.2. Co-depletion of OGG1 mitigates shMTH1-induced DNA strand
breaks, cellular senescence and increased p53 levels

To model MTH1/0GG1 co-inhibition and explore its molecular
sequelae in vitro, we utilized A549 lung adenocarcinoma cells. We have
extensively characterized the in vitro and in vivo effects of MTH1
depletion in this cell line in a prior study [4]. We previously reported
that MTH1 depletion via shRNA produces a profound and rapid senes-
cent phenotype accompanied by DNA strand breaks and p53 induction
in these cells [4]. We have also previously characterized MTH1 deple-
tion in two p53 nonfunctional lung adenocarcinoma cell lines, H23 and
H358%. However, for these proof-of-principle studies, we chose A549, as
wildtype p53 is required for easily quantifiable and on-target outcomes
associated with MTH1 depletion, namely DNA strand breaks and cell
senescence.

Because of the rapid proliferation arrest induced by MTH1 depletion
[4-6], instead of conducting sequential lentiviral transductions with
shMTH1 and shOGG1, we opted to assess effects of MTH1/0GG1
co-depletion on clonal selection associated with the relative levels of
these two proteins. To this end, we co-transduced A549 cells with viral
supernatants containing a hygromycin (h)-selectable pLKO.shMTH1
construct and a puromycin (p)-selectable pLKO.shOGG1 construct
(Fig. 2A). We also co-transduced A549 cells with control supernatants
containing hygromycin- and puromycin-selectable pLKO.shGFP con-
structs. We then selected the counterpart cultures in either puromycin
(p), hygromycin (h) or both (h + p).

When we immunoblotted lysates from these three counterparts as
well as the control, we noticed that selecting for MTH1 inhibition alone
(h) led to levels of OGG1 that were nevertheless lower than the baseline
levels in the shGFP control cultures (Fig. 2B and C). On the other hand,
selecting for OGG1 inhibition alone (p) led to MTH1 levels in this culture
that were almost identical to the shGFP culture. The lowest OGG1 levels
were in the shOGG/shMTH1 co-selected cultures (h + p) (Fig. 2B and C).
These observations suggested to us that there was an advantage to
having low baseline OGG1 levels when MTH1 was depleted, which in
turn promoted fitness-based selection of the co-depleted populations,
even when antibiotic selection favored only MTH1 knockdown.

Using the alkaline single-cell gel electrophoresis (comet) assay, we
next assessed the aggregate levels of abasic sites (due to incomplete
BER) and DNA single and double strand breaks in control, ssMTH1 and
co-selected shOGG1/shMTHI1 cultures. Our results indicated that co-
depletion of OGG1/MTH1 reduced the extent of irreparable frag-
mented DNA (as exemplified by the percentage of cells with ‘long-tailed
comets’) (Fig. 2D). We did not anticipate a complete rescue of this
phenotype as there are other enzymes also capable of causing DNA
breaks at the sites of 8-0x0-dG [39], and because we could not achieve
100% knockdown of OGG1 levels. Nevertheless, the extent of reduction
we observed was significant. We did not observe morphological signs of
death in any of the cultures (consistent with our previous studies
involving MTH1 knockdown [4]). However, consistent with the lower
levels of irreparable DNA strand breaks, we found that the OGG1/MTH1
co-depleted cells also showed a significantly lower extent of
senescence-associated beta-galactosidase (SA-beta-gal) activity as well
as a less prominent increase in p53 levels compared to the shMTH1
counterparts (Fig. 2E and F). Taken together, these results indicated that
low OGG1 levels protect against MTH1 depletion-induced irreparable
DNA breaks and concomitant p53-associated senescence that we previ-
ously reported [4-6].

2.3. p53-deficient cell lines that are resistant to shMTH1-induced DNA
strand breaks and proliferative arrest exhibit lower OGG1 levels relative to
their p53-competent isogenic counterparts

We have previously shown that the ability of MTH1 inhibition to
induce DNA strand breaks depends on wildtype (wt) p53, and that cells
with non-functional p53 do not respond to MTH1 depletion with DNA
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Fig. 2. Co-depletion of OGG1 in A549 lung adenocarcinoma cells protects against MTH1 depletion-induced DNA breaks and p53-induced senescence.

A. Simultaneous lentiviral co-transduction and selection schemes employed in this experiment. The pLKO.shMTH1 construct is under hygromycin (h) selection and
the pLKO.shOGG1 construct is under puromycin (p) selection. Control samples consist of co-transduced puromycin- and hygromycin-selectable pLKO.shGFP con-
structs. B. Immunoblot showing protein levels of OGG1 and MTH1 under the various individual or co-selection schemes denoted in (A) in the ShRNA co-transduced
cells. Actin is shown as the loading control. C. Quantitation of actin-normalized OGG1 and MTH1 protein expression levels from (B) under the different selection
schemes. Normalized quantifications are based on pixel densities of immunoblot bands obtained via ImageJ. D. Alkaline comet assay. Representative olive tail
moments (10x magnification) are indicated for the types of comets that were scored (no/medium/long tails) in the indicated cultures. Error bars (+SD) and p-values
from an unpaired Student t-test are shown from two independent experiments. E. Senescence-associated beta-galactosidase (SA-beta-gal) activity assay. Cell
senescence was assessed in the indicated cultures. Positive staining was quantified in approximately 50 cells per condition. Data represent two experimental rep-
licates. Error bars (+SD) and p-values from an unpaired Student’s t-test significance are shown. F. Inmunoblot showing p53 and actin (loading control) protein levels

in the indicated samples.

breaks unless p53 function is restored [4]. Similarly, wt p53 cells lose
the ability to sustain irreparable DNA strand breaks under MTH1
depletion if p53 is knocked down via shRNA [4]. Interestingly, prior
studies have shown that p53 controls both OGG1 expression and func-
tion, and that loss of p53 prevents initiation of BER by OGG1 [40]. Thus,
in p53-nonfunctional cancers, low or functionally aberrant OGG1 may
represent a tumor-protective advantage for preventing genotoxic stress
arising from BER-mediated DNA breaks at genomic base oxidation sites.
To explore this idea, we assessed OGG1 expression in p53-depleted
(shp53) A549 cells that we had previously shown lose the ability to
induce DNA breaks or cell senescence upon MTH1 depletion [4]. We
found that upon stable p53 depletion via lentiviral shRNA, these A549
cells exhibited lower OGG1 expression compared to their isogenic shGFP
counterpart cells (Fig. 3A).

We next assessed OGG1 levels in an established isogenic HCT116 wt
p53 and p53-knockout (KO) pair [41] and found that the p53 KO
counterparts have much lower OGG1 expression (Fig. 3B). This finding
is consistent with prior reports of low OGG1 expression and function in

this cell line [40]. We then transduced these matched HCT116 p53
wt/KO lines with shMTH1 or control shGFP constructs, and found that
the G1/8 cell cycle arrest marker, p21°P!, was only induced in the wt
p53 counterparts upon MTH1 depletion (Fig. 3C). Indeed, loss of p53
(and potentially lower OGG1) increased the tolerance for MTH1 inhi-
bition (as in Fig. 2) as seen by the greater degree of MTH1 knockdown in
the p53 KO vs. wt counterparts (Fig. 3C). Because we used the same viral
supernatant aliquots and transduction process for both isogenic lines,
the lower MTH1 knockdown efficiency in the p53 wt cells was not due to
suboptimal viral production or transduction.

Furthermore, similar to the shOGG1 co-transduced counterparts in
Fig. 2, the MTH1-depleted HCT116 p53 KO cells also exhibited lower
DNA breaks vs. their p53 wt isogenic counterparts, as detected by the
alkaline comet assay (Fig. 3D). Altogether, these findings in the HCT116
cells support our results with the A549 cells (Fig. 2) that low OGG1 is
associated with protection against MTH1 inhibition-induced DNA
breaks and proliferation arrest. They further suggest the intriguing
possibility that loss of functional p53 (an extremely common tumor
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alteration) protects against genotoxic tumor-suppressive stress by miti-
gating BER-induced DNA breaks in the face of elevated oncogenic ROS
levels.

2.4. MTH]1-depleted cells are less sensitive to the OGG1-specific inhibitor,
SU0268, than their control shGFP counterparts

To further verify our findings with MTH1 and OGG1 shRNA co-
transduction, we acutely treated shMTH1-transduced A549 cells with
the specific and potent OGG1 inhibitor, SU0268%° (Fig. 4A and B) within
2 days of transduction, right before onset of the senescence phenotype.
Cell numbers were assessed via the ATP-based CellTiter-Glo assay,
which outputs a linear relationship between cell density and lumines-
cence between 0 and 50,000 cells (encompassing our experimental
range of 2000 cells). As anticipated, by the end of the experimental
period, the A549 shMTH1 cells were about half the density of the control
shGFP cells (Fig. 4C). However, the shGFP cells were more susceptible to
OGG1 inhibition via increasing SU0268 doses than the shMTHI cells,
especially at the 48 time-point (Fig. 4C). In fact, when the relative cell
density-associated luminescent signals for treated shGFP and shMTH1
cells were examined, the shMTH1 cells exhibited increasing relative
viability compared to the shGFP at the higher SU0268 concentrations
and at the later treatment timepoint (Fig. 4D). As BER activity is not
affected by cell proliferation [42], the greater resistance to SU0268
cannot be ascribed to a lesser effect of inhibiting OGG1 on the
slower-dividing shMTH1 cells. These findings recapitulated those in
Fig. 2, namely that OGG1 inhibition provided a viability advantage in
MTH1-depleted vs. control cells, leading to their selection and enrich-
ment over time.

vs. those with DNA tails (indicating DNA breaks) are
graphed for the indicated samples. Note we did not
observe the variations in DNA olive tail moments seen
for A549 (Fig. 2E) to warrant separation of HCT116
cells into ‘medium’ and ‘long’ tails. Error bars (& SD)
and p-values from an unpaired Student t test are
shown from two independent experiments.

shMTH1 p53

2.5. Treatment of multiple cancer cell lines with combined OGG1/MTH]1
small molecule inhibition shows no consistent cytotoxic advantage over
treatment with the corresponding single agent inhibitors

To further investigate the molecular effects of MTH1/0GG1 co-
inhibition, we treated A549 cells with a novel small molecule OGG1/
MTH1 co-inhibitor SU0383%! as well as with SU0268, IACS-4759 (a
second-generation MTH1 inhibitor with minimal off-target effects [15,
19]) or with a combination of SU0268/IACS-4759, the two molecules
which make up the SU0383 scaffold (Fig. 5A). We evaluated dose
response over three timepoints (24, 48, and 72 h). This array of treat-
ments indicated that over 24 h there were no significant decreases in
viability relative to the DMSO control from any treatment (Fig. 5B).
Furthermore, no treatment decreased cell viability below 50% under
any assessed condition (Fig. 5B). As we have previously published,
IACS-4759 alone also did not produce any significant anti-tumor cyto-
toxicity, presumably due to its inability to target non-MTH1 8-oxo-dGT-
Pase activity [19]. In general, across the majority of treatment
conditions, we did not observe any results to suggest an enhanced
anti-tumor advantage to co-inhibiting MTH1/0GG1 over the single in-
hibitor treatments (Fig. 5B). We observed a noticeable decline in cell
viability only in the 20 pM (but not 10 pM) SU0383-treated cells
compared to the other treatment groups. This decline in viability,
however, was not recapitulated to a similar extent in the
SU0268/IACS-4759 combinatorially-treated cells, and the cytotoxic ef-
fect remained well under 50% at all treatment durations (Fig. 5B).

Similar results as with A549 were obtained with the p53-competent
H460 lung adenocarcinoma and HCT116 colorectal cancer cell lines
(Fig. 5C and D). In the H460 cells (Fig. 5C), as in the A549 cells (Fig. 5B),
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Fig. 4. The OGG1-specific small molecule inhibitor, SU0268, is less effective in
shMTHI1-transduced cells vs. control shGFP-transduced cells.

A. Published chemical structure of SU0268. B. Immunoblot showing MTH1 and
GAPDH (loading control) protein expression levels in A549 shGFP and shMTH1
cultures, to establish levels of MTH1 protein knockdown. C. Change in cell
density under shMTH1, SU0268 or the combined treatment conditions. A549
shMTH1 or shGFP cells were dosed with the indicated concentrations of
SU0268 in triplicate. Cell density across the treatment conditions was assessed
at 24 and 48 h

post-treatment via the luminescence signal from CellTiter-Glo®. Error bars
represent + SD. D. Relative change in shMTH1 vs. shGFP cell density under
treatment conditions. Cell densities for shMTH1 normalized to the corre-
sponding shGFP values in (C) are shown at 24 and 48 h. The increase in
normalized shMTH1 values over time and increasing SU0268 doses indicate an
enhanced survival advantage of shMTH1 cells with OGG1 inhibition vs. shGFP
cells with OGG1 inhibition.

SU0268 treatment alone produced a small but statistically significant
increase in viability relative to DMSO, supporting our other observations
herein that lung adenocarcinoma cells ostensibly select for low OGG1
function. As with A549, both H460 and HCT116 cells also only exhibited
noticeably decreased viability with the 20 pM SU0383 treatment rela-
tive to the other treatment groups (Fig. 5C and D). Again, this reduction
in cell viability was not recapitulated by combined treatment with the
individual MTH1/0GG1 inhibitors.

SU0383 has a slightly lower efflux ratio (5.1) vs. SU0268 (6.2)%% 31
suggesting it may be better retained intracellularly and thus exhibit
somewhat more potent cytotoxicity, as its effects on cell viability are
noticeably seen only at the 48- and 72-h timepoints (Fig. 5B and C).
However, this difference in efflux ratio is modest, and as the cytotoxic
effects do not change materially with longer treatment durations,
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another explanation is that the pronounced cytotoxicity at 20 pM
SU0383 treatment is due to off-target effects. This is particularly likely
as the reported IC50s of SU0383 for MTH1 (0.034 uM) and OGG1 (0.49
pM) as well as the prior reported cytotoxic dose (10 pM) [31] are below
the 20 pM at which we see cytotoxicity in our experiments (Fig. 5C and
D). In our treatment series, we did not find that the SU0268/IACS-4759
co-treated cells were more viable than the correspondingly-treated
IACS-4759- or SU0268-treated cells (Fig. 5B-D). We posit that the
incomplete penetrance of on-target effects relative to stable protein
depletion or, alternatively, potential off-target cytotoxic effects from the
small molecules competed with any survival advantage from dual
MTH1/0GG1 inhibition. However, the fact that there was no consis-
tently deleterious effect from combining MTH1 and OGG1 inhibition, in
any of the three cancer cell lines evaluated, supports our overall premise
that this co-inhibition is unlikely to be pervasively beneficial in a ther-
apeutic setting.

3. Discussion

In this study, we showed that co-inhibition of MTH1 and OGG1,
either by genetic or pharmacologic means, did not induce significant
anti-tumor effects in cancer cells. Instead, under stable genetic knock-
down in a cell population, OGG1 co-depletion conferred a protective
advantage by mitigating the DNA damage and cell senescence induced
by MTH1 depletion. Interestingly, in the TCGA LUAD patient dataset we
analyzed, the only quadrant with no tumors was the one with low MTH1
and high OGG1 (Hi O/Lo M), encompassing tumors with MTH1 z-scores
<0 and OGG1 z-scores 2 or higher (Fig. 1C), further supporting the idea
that OGG1 action becomes deleterious to tumors when MTH1 is absent.
Similarly, in an shMTH1 lung adenocarcinoma cell line-derived xeno-
graft tumor model [4], we found palpable tumor formation only
occurred in cohorts which had selected for low OGG1 expression upon
MTH1 depletion (Fig. 1D). Furthermore, we did not see enhanced
cytotoxicity through co-treatment with potent MTH1 and OGG1 small
molecule inhibitors or treatment with a dual OGG1/MTH1 inhibitor
relative to control or single agent treatments. Our findings suggest that
BER processing of incorporated 8-0xo-dG induces MTH1
inhibition-mediated DNA breaks and tumor-inhibitory responses. Our
findings further indicate that there may not be therapeutic benefit to
combining OGG1 and MTH1 inhibitors in a clinical setting, without
further consideration of tumor OGG1 status or that of other 8-oxo-dG
repairing/preventive mechanisms.

Although here we describe proof-of-principle results on how
compromising OGG1 function alters the effects of inhibiting 8-oxo-dGTP
detoxification in tumor cells, the broader implications of our findings
are supported by established observations. Several prior studies have
shown that OGG1 is either mutated or otherwise functionally impaired
in tumors without apparent tumor-suppressive consequences [32-36],
similar to what we found through assessment of OGG1 levels in patient
specimens and mining of patient datasets. Curiously, the late-onset
spontaneous tumors (including lung tumors) [43] observed in
MTH1-null animals are suppressed in the OGG1l/MTH1
double-knockout animals [44]. At first glance, this finding may support
the potential for anti-tumor effects from MTH1/0GG1 co-repression.
However, the MTH1-null tumors occur with relatively low frequency
and only in mice at 18 months or older, and could thus represent
tumor-promoting phenomena from the aging tissue environment. We
have shown MTHI1 loss accelerates senescence [5,6], and that MTH1
overexpression overcomes oncogene-induced senescence [6].
MTH1-overexpressing mice are reported to show improved functional
aging [45]. Senescent cells produce a distinct secretome known as the
senescence-associated  secretory phenotype (SASP) that has
tumor-promoting capabilities [46]. In this regard, it is possible the
late-onset tumors in MTH1-null animals are a result of paracrine factors
produced by senescent cells/tissue induced by this MTH1 loss. As we see
in our study, OGG1 depletion is able to partially rescue the MTH1
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Fig. 5. Small molecule-based co-inhibition of OGG1 and MTH1 does not exhibit consistent enhanced cytotoxicity in tumor cells vs. individual OGG1 or MTH1

inhibitor treatment.

A. Published chemical structures of SU0268 (OGG1 inhibitor), SU0383 (MTH1/0GG1 dual inhibitor), IACS-4759 (MTHI1 inhibitor). Each shaded square represents
the corresponding treatment condition data graphed for the viability assay in (B). B. Normalized cell viability. A549 cells were dosed, in triplicate, with SU0268,
SU0383, IACS-4759 or SU0268/IACS-4759 at the indicated concentrations. Vehicle represents DMSO. Dose response was evaluated at 24, 48, and 72 h following
treatment via the vehicle-normalized luminescence signal in a Cell Titer-Glo® assay. Error bars (+SD) and p-values are indicated within the graphs (*p < 0.05, **p <
0.01). Results shown are representative of two independent experiments. C. Normalized cell viability. H460 cells were dosed, in triplicate, with SU0268, SU0383,
IACS-4759 or SU0268/IACS-4759 at the indicated concentrations. Vehicle represents DMSO. Dose response was evaluated at 48 and 72 h following treatment via the
vehicle-normalized luminescence signal in a Cell Titer-Glo® assay. Error bars (+SD) and p-values are indicated within the graphs (*p < 0.05, **p < 0.01). D.
Normalized cell viability. HCT116 cells were dosed, in triplicate, with SU0268, SU0383, IACS-4759 or SU0268/IACS-4759 at the indicated concentrations. Vehicle
represents DMSO. Dose response was evaluated at 48 h following treatment via the vehicle-normalized luminescence signal in a Cell Titer-Glo® assay. Error bars
(£SD) and p-values are indicated within the graphs (*p < 0.05, **p < 0.01, ***p < 0.001).

loss-related senescent phenotype. Similarly, the tissue environment of
the OGG1/MTH1 knockout animals may also be protected from
aging-associated alterations, thus mitigating late-onset tumor
development.

Our results support that OGG1 function is necessary for MTH1
depletion-induced DNA strand breaks. Unrepaired genomic 8-oxo-dG is
not considered a genotoxic lesion and does not cause catastrophic
stalling of DNA polymerases [13]. Thus, the sequelae from harboring
low OGG1 (or similar 8-oxo-dG-processing repair enzymes) are most
likely to be mutagenic events, which are more tolerable (or even bene-
ficial) for tumor survival than excessive repair-induced breaks in the
DNA backbone. BER enzymes, including OGG1, induce DNA nicks and
abasic sites upon 8-0x0-dG repair initiation. Resealing of these
repair-mediated breaks by the dRP lyase function of DNA polymerase
beta is the rate limiting step in completing BER. Accordingly, initiation
of BER has been implicated in production of irreparable DNA breaks,
particularly under conditions of oxidative stress [47-50]. These obser-
vations, in conjunction our findings here, collectively support that
OGG1-mediated repair initiation at sites of incorporated 8-oxo-dGTP
translate MTH1 depletion into irreparable DNA breaks and
tumor-inhibitory responses. Hence, we observed partial rescue of
MTH1-induced DNA breaks when OGG1 was co-depleted (Fig. 2). This
explanation is logically more consistent than the idea that extant and

unprocessed genomic 8-oxo-dG is the source of MTH1
inhibition-induced cytotoxicity, as has been previously suggested
[9-12]. Our findings point to robust OGG1, and more generally robust
BER activity, as an important determinant for tumor suppression arising
from MTH1 inhibition. Further consistent with our findings that OGG1
inhibition protects against the cytotoxic effects of oxidative insult, two
different OGG1 inhibitors have been shown to reduce
inflammation-induced adverse cellular effects [30,51].

A critical role for p53 in BER has previously been comprehensively
described, with p53 depletion reducing repair activity [52]. Introducing
p53 into HCT116 p53 KO cells has been reported to increase OGG1
levels, suggesting direct control of OGG1 expression by p53 [40].
Furthermore 8-0x0-dG levels are increased in the p53 KO cells relative to
p53 wt counterparts [53], suggesting p53 also controls OGG1l BER
function. Thus, our findings that the p53-null A549* and HCT116 cells
(Fig. 3C and D) are less susceptible to MTH1 depletion-induced DNA
breaks and proliferative arrest, and also exhibit lower OGG1 expression
vs. their p53 wt counterparts (Fig. 3A and B) additionally support our
assertion that co-inhibition of OGG1 function protects against MTH1
inhibition-induced tumor-inhibitory effects. Given the commonality of
p53 mutations and deletions in cancer, there may be potential benefit to
restoring OGG1 function in such tumors particularly in conjunction with
oxidative stressors, in order to evoke genotoxic tumor-suppressive
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responses.

Our study is the first to describe the molecular effects of co-targeting
MTH1 and OGG1 in tumor cells. Overall, our findings strongly suggest
that MTH1 inhibition requires robust OGG1 (and/or other 8-oxo-dG-
repairing BER function) to compromise tumor cell viability by trans-
lating increased genomic incorporation of 8-oxo-dG into DNA strand
breaks. Further studies of OGG1 expression and function in tumors
treated with on-target MTH1 inhibitors or therapeutics intended to
restore p53 function will be required to shed definitive light on the
clinical potential of targeting OGG1 in tumors.

4. Materials and methods
4.1. MTHI1 and OGG1 gene expression analysis in human tumors

All human subjects research was carried out following written con-
sent obtained from the patients and according to the protocols approved
by the University of Miami Institutional Review Board (IRB#
20100200). Retrospective frozen tissue samples consisting of deidenti-
fied matched normal and tumor pairs were obtained from untreated
patients diagnosed with stage 1, 2, or 3 NSCLC at the Sylvester
Comprehensive Cancer Center (Miami, FL). Samples were processed and
analyzed for mRNA levels as previously described [4]. The mRNA
expression levels of MTHI and OGG1 were examined in lung adeno-
carcinoma TCGA datasets using publicly available datasets from cBio-
portal (http://www.cbioportal.org/).

4.2. Cell lines and culture

A549 and H460 cells were obtained from American Type Culture
Collection (ATCC, Manassas, VA, USA). The HCT116 p53 wildtype (wt)
and p53 knockout (KO) isogenic human colon cancer cells were obtained
from Dr. Bert Vogelstein’s laboratory (Johns Hopkins University, Balti-
more, MD). A549 cells were authenticated by short tandem repeat (STR)
profiling and mycoplasma testing via PCR (GeneticaCorp) in August
2018 and cultures used in this study were within 2 passages of the STR-
validated line. The H460 and HCT116 lines were similarly validated by
STR-profiling and for lack of mycoplasma in December 2020. All cells
were maintained in RPMI-1640 complete base media (Thermo Scienti-
fic, Grand Island, NY) supplemented with 10% fetal bovine serum
(HyClone, Cytiva, Marlborough, MA) and 100 units per ml of penicillin
streptomycin (Thermo Scientific, Grand Island, NY). Cells were cultured
at 37 °C in a humidified incubator at 21% oxygen, 5% CO (HeraCell Tri-
Gas, Thermo Fisher Scientific, Inc).

4.3. DNA constructs and viral transduction

The pLKO.shGFP, pLKO.hygro shMTH1 and pLKO.shp53 constructs
have been described previously [4-6]. The pLKO.puro shOGG1 lenti-
viral constructs were purchased from Sigma. The following are the tar-
geting sequences used in this study:

shGFP: 5 GCAAGCTGACCCTGAAGTTCA 3°.

shMTH1: 5" GAAATTCCACGGGTACTTCAA 3’.

shOGG1: 5 CGGATCAAGTATGGACACTGA 3°.

shp53: 5" GACTCCAGTGGTAATCTACTT 3.

Plasmids were sequenced prior to use (Source Biosciences). Lenti-
viral and retroviral supernatant production was carried out in HEK 293T
cells (ATCC), and infection of target cells was performed as described
previously [54]. Prior to carrying out experiments, transduced cells
were selected in media containing either 2.5 pg/mL puromycin (Sigma,
P7255) or 100 pg/mL hygromycin (Sigma, H3274) or both, for a mini-
mum duration corresponding to the time taken for untransduced cells to
die in antibiotic-supplemented media. Protein knockdown or over-
expression in the transduced cells was verified via Western blotting.
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4.4. Comet assay

The alkaline-modified comet assay was carried out according to the
comet assay kit (Trevigen, cat no: 15140-122, Gaithersburg, MD) in-
structions for alkaline unwinding and electrophoresis conditions. Gel
electrophoresis was carried out at 21 V for 30 min at 4 °C. Positive and
negative control cells (Trevigen) were run along with each sample to
ensure that lack of ‘tails’ in a sample or long ‘tails’ were not due to
technical issues. A minimum of 100 individual cells per sample were
scored in duplicate from two independent experiments, with the DNA
tail lengths being visually categorized as either long, medium or none in
double-blind scoring. The p-values were established using an unpaired
Student t-test, with Welch correction applied if variances were found to
be unequal.

4.5. Western blotting

Western blots were performed using standard procedures. Cell cul-
ture pellets were lysed in a sodium fluoride (NaF) buffer, as previously
described [54]. Protein lysates from xenograft tumor chunks were made
using RIPA buffer (Thermo Scientific, 89900), supplemented with a
protease inhibitor cocktail (Roche, 11697498001). Protein concentra-
tions were measured using the Bradford Protein Assay Dye Reagent
(Biorad, 5000006). Approximately 10-30 pg of total protein was run on
a 4-12% Bis-Tris pre-cast NuPage gel (Thermo Scientific, NP0321BOX)
on the Novex gel system and subsequently transferred onto a section of
PVDF membrane (Immobilon, EMD Millipore, IPVH000010) at 30 V at
4 °C. Blots were probed with antibodies against OGGl (Abcam,
ab124741, rabbit polyclonal), MTH1 (Novus Biologicals, NB100-109,
rabbit polyclonal), GAPDH (Abcam, ab9485, rabbit polyclonal), actin
(Millipore Sigma, A2066, rabbit polyclonal), tubulin (Millipore Sigma,
T6557, mouse monoclonal), p53 (Santa Cruz Biotech, DO-1 sc-126,
mouse monoclonal), p21Cipl (Santa Cruz Biotech, sc-817, mouse mono-
clonal). Immunoblot membranes were stripped between separate anti-
body incubations as needed, and loss of the original signal was checked
on film prior to probing with a subsequent antibody. Molecular weight
standards (Full Range molecular weight markers in kiloDalton (kDa),
GE, RPN80OOE) were indicated to the right of the immunoblot bands.
Western blotting images represent data consistent with a minimum of
two independent runs. Densitometry of images was carried out via the
ImageJ Analyze Gels (NIH) module and normalized to the loading signal
for each band.

4.6. Senescence-associated beta-galactosidase (SA-beta-gal) assay

SA-beta-gal staining was carried out as previously described [4]. All
chemicals were purchased from Sigma-Aldrich. Briefly, cells were
washed in PBS, fixed in 0.2% glutaraldehyde for 5 min at room tem-
perature, washed once in PBS and incubated overnight in freshly-made
staining solution (1 mg/mL 5-bromo-4-chloro-3-indolyl-f-galactoside,
150 mM NaCl, 2 mM MgCl,, 5 mM K3Fe(CN)g, 5 mM K4Fe(CN)g, 40 mM
NaPi, pH 6.0). The next day, the cells were incubated for a further hour
at 37 °C to intensify staining and then washed and stored in PBS at 4 °C
till image acquisition. To quantify positive staining, at least 50 cells were
counted for each sample over multiple fields of view, excluding fields at
the very edge. Results represent data from a minimum of two indepen-
dent experiments.

4.7. MTHI1 and OGG1 inhibitors

TACS-4759 was a kind gift from Dr. Alessia Petrocchi, MD Anderson.

SU0268 [29] and SU0383 [31] were synthesized in Dr. Eric Kool’s
lab. Inhibitor working stock solutions were prepared in DMSO (Sigma,
D2650).
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4.8. Drug treatment and cell viability assays

A549 shGFP and shMTH1 (2000 cells per well) were plated in trip-
licate in 96-well plates in RPMI-1640 culture medium. At 24 h after
plating, cells were changed to their corresponding culture medium at a
concentration of 0.1 pM, 0.5 pM, 1 pM, 2.5 pM, 5 pM, 7.5 pM, 10 pM of
SU0268 or SU0383 or DMSO (Sigma, D2650) as the vehicle control.
After 24 or 48 h post-drug treatment, luminescence was measured using
the Cell Titer-Glo® Kit (Promega, G7571) on a SpectraMax iD3 Micro-
plate Reader (Molecular Devices, LLC).

For the single and combinatorial drug treatments (Fig. 5), A549 cells
were plated (750 cells per well) in 96-well plates and, 24 h after plating,
culture media was replaced in the wells with either SU0268, SU0383,
IACS-4759, or SU0268/IACS-4759 at 5 pM, 10 pM or 20 pM concen-
trations. Vehicle wells were treated with DMSO (Sigma, D2650).
Luminescence was measured after 24, 48, and 72 h. H460 and HCT116
(at 750 cells per well) were similarly treated with either SU0268,
SU0383, IACS-4759, or SU0268/IACS-4759 added at 10 uM or 20 pM
concentrations. Luminescence was measured after 48 and 72 h for H460
and after 48 h for HCT116. Data were normalized to luminescence
values from vehicle-treated controls (DMSO) within each group, and
plotted as % viability.

4.9. Statistical analysis

Standard deviation from the mean (SD) or standard error of the mean
(SEM) were assessed as indicated in the data shown. The significance of
observed differences was evaluated by an unpaired two-tailed Student’s
t-test and p values < 0.05 were deemed to be significant. Statistical
analyses were carried out using GraphPad Prism.
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