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Abstract
The prognosis for women with ovarian cancer (OC) is particularly poor if resistance to platinum compounds, the 

mainstay of standard-of-care therapy, develops. Inhibitors of the Nudix hydrolase MuT Homolog 1 (MTH1) have 

previously been shown to arrest cancer cells in mitosis, increase 8-oxo-2’-deoxyguanosine (8-oxo-dG) incorporation 

into DNA, and selectively kill neoplastic cells while sparing normal cells. Here we explored the cytotoxic mechanism 

of these agents as well as their activity against platinum-resistant OC in vitro and in vivo. Two mitotic MTH1 

inhibitors (mMTH1is), TH588 and karonudib, decreased colony formation indistinguishably in platinum-sensitive 

OC cell lines and their platinum-resistant counterparts in vitro but had limited effects on fallopian tube and 

immortalized ovarian surface epithelial cells. Treatment with karonudib stalled OC cells in mitosis and caused 

elevated 8-oxo-dG levels in DNA followed by activation of base excision repair, induction of BAX, and apoptotic 

cellular demise. This cytotoxicity was blunted by overexpression of the pre-mitotic checkpoint protein CHFR, which 

inhibits other anti-mitotics, or treatment with the antioxidant N-acetylcysteine, which diminishes nuclear 8-oxo-dG 

staining, suggesting a role for both mitotic stalling and increased nuclear incorporation of oxidized nucleotides 

in karonudib efficacy. In three orthotopic OC patient-derived xenograft models, karonudib monotherapy induced 

growth delay in vivo. Moreover, addition of karonudib to carboplatin doubled median overall survival in two 

models and prolonged survival for the duration of the study (110 days) in the third. These results demonstrate 

activity of mMTH1is as monotherapy and in combination with carboplatin in OC that warrants further investigation.
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Fig. 1 (See legend on next page.)
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To the Editor,

Resistance to platinum compounds, the mainstay of 

standard-of-care ovarian cancer (OC) therapy [1, 2], 

develops in a majority of cases and is associated with a 

one-year median survival [3, 4], highlighting the need 

for new therapies. The Nudix hydrolase MutT Homo-

log 1 (MTH1) is elevated in various cancers [5] and 

required for survival of cells transformed by a number 

of oncogenes [6], but not normal cells, leading to efforts 

to inhibit this enzyme [7, 8]. Recent studies demon-

strated that some MTH1 inhibitors concomitantly arrest 

neoplastic cells in mitosis, reflecting a previously unap-

preciated role of MTH1 in cell division, and increase 

8-oxo-2’-deoxyguanosine (8-oxo-dG) incorporation into 

DNA [8, 9]. Here we explored the activity of these mitotic 

MTH1 inhibitors (mMTH1is) against platinum-resistant 

OC in vitro and in vivo.

To assess antiproliferative activity, OC cell lines 

(Supplementary Table S1) were treated with the first-

generation mMTH1i TH588 (Supplementary Fig. S1A) 

or second-generation inhibitor karonudib (Fig.  1A) in 

colony forming assays (Supplementary Methods). All 

lines were sensitive, with IC50s of 0.9-4 µM for TH588 

and 60-200 nM for karonudib. Mechanistic studies in the 

A2780 cells indicated these effects on colony formation 

reflected a process that involved incorporation of 8-oxo-

dG into DNA (see below), activation of base excision 

repair as manifested by XRCC1 foci, activation of DNA 

damage-activated phosphatidylinositol-3 kinase-related 

kinases (γH2Ax foci), TP53 accumulation, increased 

expression of TP53 target genes, increased levels and 

mitochondrial translocation of the proapoptotic protein 

BAX, mitochondrial outer membrane depolarization, 

and development of apoptotic morphological changes in 

live cell imaging (Figs. S2 and S3). In contrast, nontrans-

formed immortalized ovarian surface epithelial (IOSE) 

and fallopian tube epithelial cells demonstrated minimal 

response (Fig. 1B, S1B and S1C).

To determine whether mMTH1is also demonstrate 

efficacy in platinum-resistant OC lines, paired paren-

tal and cisplatin-resistant cell lines were compared. 

Despite a >10-fold difference in cisplatin IC50s (Fig. 1C), 

responses of parental IGROV and cisplatin-resistant 

IGROV1/CP cells to mMTHis were similar (Fig.  1D, 

S1D). Comparable results were observed when parental 

A2780 and PEO1 cells were compared to their respective 

platinum-resistant counterparts (Fig. 1E, 1 F, S1E-G).

Previous studies have demonstrated two actions of 

karonudib: (i) stalling of cells in mitosis and (ii) accumu-

lation of oxidized nucleotides, including 8-oxo-dGTP, 

into DNA [9]. To assess the contributions of these effects 

to karonudib activity in OC, MTH1i-treated cells were 

examined for mitotic stalling by flow cytometry (Fig. 

S4A-S4C) or morphological examination (Fig. S4D, S4E). 

Both parental and platinum-resistant A2780 cells were 

transiently stalled in mitosis, although not to the same 

extent as by paclitaxel (Fig. S4A-S4E). The potential 

impact of this mitotic stalling was assessed by comparing 

the action of MTHis in A2780 cells that differ in expres-

sion of CHFR, a premitotic checkpoint protein that 

imparts the ability of cells to arrest prior to mitosis and 

avoid mitotic catastrophe [10, 11]. A2780 clones express-

ing CHFR (Fig. S4F) had decreased sensitivity to karo-

nudib as well as paclitaxel (Figs. S4G, S4H), suggesting an 

important role for mitotic arrest in karonudib-induced 

killing.

To assess the role of increased nucleotide oxidation 

in mMTH1i-induced killing, we examined the impact 

of the antioxidant N-acetylcysteine (NAC) on nuclear 

8-oxo-dG levels and clonogenic survival. NAC pretreat-

ment blunted the mMTH1i-induced increase in 8-oxo-

dG fluorescence (Fig. S5A-D) and diminished the impact 

of karonudib on colony formation (Fig. S5E, S5F), sup-

porting a role for 8-oxo-dG incorporation in mMTH1i-

induced killing as well.

Based on this role of oxidative damage in mMTH1i-

induced killing and previous reports indicating that 

platinum agents increase cellular reactive oxygen species 

[12–14], we assessed activity of the karonudib/carbopla-

tin combination in vivo. For these studies, three genomi-

cally distinct high grade serous OC patient-derived 

xenograft (PDX) models (Table S1) with varying plati-

num sensitivity were implanted orthotopically, allowed 

to engraft, and monitored by transabdominal ultrasound 

during and after treatment with diluent, karonudib, car-

boplatin, or the combination.

Karonudib enhanced the effects of carboplatin in all 

three models (Figs.  2 and S6) without enhancing toxic-

ity at the final dose and schedule (Fig. S7). In PH384, a 

platinum tolerant model harboring TP53 and LIG4 muta-

tions, the karonudib/carboplatin combination induced 

tumor regressions (Fig.  2A, p < 0.0001 relative to con-

trol) and increased overall survival relative to platinum 

monotherapy [Hazard ratio (HR) for combination versus 

(See figure on previous page.)

Fig. 1 mMTH1 inhibitor sensitivity in platinum-sensitive and -resistant OC cell lines. A, B, cell lines corresponding to the indicated OC histological sub-

types (A) or IGROV1 and immortalized normal ovarian surface epithelial cells (IOSE, B) were treated continuously with the mMTH1i karonudib in clono-

genic assays. C-F, paired parental IGROV1 and platinum-selected IGROV1/CP cells (C, D) or A2780 and platinum-selected A2780/CP200 cells (E, F) were 

treated continuously with the indicated concentrations of cisplatin (C, E) or karonudib (D, F). Numbers indicate IC50 values (mean ± SD) from 2 (OVISE) 

or ≥3 independent replicates (all other lines). IC50 values for IGROV1 and A2780 cells vary slightly between panels because resistant lines were directly 

compared to parental lines, which were repeated for those experiments. *, ** and *** indicate p < 0.05, 0.01 and 0.001 by 2-sided t tests, respectively. t tests 

comparing IC50s in panels D and F were not significant. Assays of TH588 sensitivity are presented in Fig. S1
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carboplatin monotherapy 0.22 (0.05–0.91), p = 0.037, 

Fig.  2B]. Moreover, karonudib also increased nuclear 

8-oxo-dG in vivo (Fig.  2C), as anticipated from the cell 

line studies. In the highly platinum sensitive PH013 

model, karonudib induced tumor shrinkage, providing 

the first evidence for regressions induced by karonudib 

monotherapy in a carcinoma model (Fig.  2D). In addi-

tion, there was a trend toward increased survival in the 

combination arm relative to carboplatin (Fig.  2E) that 

did not reach statistical significance due to the small 

number of events. In PH450, a CHEK2 mutated model 

that is highly platinum-resistant, addition of karonudib 

Fig. 2 Effects of karonudib as monotherapy and in combination with carboplatin in orthotopic high grade serous ovarian cancer PDXs. Karonudib was 

administered at 90 mg/kg as a single agent (all PDXs) or in combination with carboplatin (50 mg/kg/week) at karonudib doses of 90 mg/kg (A-C) or 

60 mg/kg (D-H) to mice bearing intraperitoneal high grade serous ovarian cancer PDX models PH384 (A-C), PH013 (D-E), or PH450 (F-H). PDX growth was 

measured by transabdominal ultra-sound and expressed as cross-sectional area relative to Day 0 (A, D, F). Error bars indicate 95% confidence intervals. 

Following 28 days of treatment, tumor growth and overall survival (B, E, G) were observed for up to 110 days. Numbers indicate hazard ratios (95% confi-

dence intervals) and corresponding p values for indicated treatments relative to controls. In addition, FFPE samples harvested on day 5 of treatment from 

PH384 and PH450 were stained for nuclear 8-oxo-dG (e.g., micrographs at top of panel C), with fluorescence intensity (C, H) determined as indicated in 

the Methods. Fluorescence of 100–250 individual nuclei/sample is indicated. Lines in panels C and H indicate median (red) and interquartile values (black). 

*** indicates p < 0.001 by Wilcoxon rank sum test after correction for multiple comparisons. Growth curves of PDXs in individual mice are shown in Fig. S6
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enhanced carboplatin-induced slowing (Fig. 2F, p = 0.002 

for combination vs. carboplatin) and increased overall 

survival (Fig.  2G) [HR for combination vs. carboplatin 

0.27 (0.08–0.88), p = 0.03] while also increasing levels of 

nuclear 8-oxo-dG relative to the increase with carbopla-

tin alone (Fig. 2H).

Collectively, these results demonstrate that mMTH1is 

exhibit indistinguishable antiproliferative effects in 

paired platinum sensitive and platinum resistant OC 

lines in vitro, that both mitotic stalling and incorporation 

of oxidized nucleotides into DNA are important for these 

antiproliferative effects, and that antineoplastic effects of 

carboplatin in three OC PDX models are enhanced by the 

clinical mMTH1i karonudib in vivo. In view of the safety 

and monotherapy activity observed in the recently com-

pleted karonudib phase I trial (NCT03036228, ref. 15), 

further study of the karonudib/carboplatin combination 

might be warranted, providing a potential path toward 

clinical development of karonudib for OC.

Abbreviations

8-oxo-dG  8-oxo-2’deoxyguanosine

FBS  Heat-inactivated fetal bovine serum

HGSOC  High grade serous ovarian cancer

HR  Hazard ratio

MTH1  MutT Homolog 1

MTH1i  MTH1 inhibitor

mMTH1i  Mitotic MTH1 inhibitor

NAC  N-acetylcysteine

OC  Ovarian cancer

PBS  Calcium- and magnesium-free Dulbecco’s phosphate buffered 

saline

PDX  Patient-derived xenograft

RFT  Resected fallopian tube

ROS  Reactive oxygen species
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