The
University
s Of

)

2" Sheffield.

This is a repository copy of MTH1 inhibitor TH1579 induces oxidative DNA damage and
mitotic arrest in acute myeloid leukemia.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/180194/

Version: Published Version

Article:

Sanjiv, K., Calderén-Montafio, J.M., Pham, T.M. et al. (29 more authors) (2021) MTH1
inhibitor TH1579 induces oxidative DNA damage and mitotic arrest in acute myeloid
leukemia. Cancer Research, 81 (22). pp. 5733-5744. ISSN 0008-5472

https://doi.org/10.1158/0008-5472.can-21-0061

Reuse

This article is distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs
(CC BY-NC-ND) licence. This licence only allows you to download this work and share it with others as long
as you credit the authors, but you can’'t change the article in any way or use it commercially. More
information and the full terms of the licence here: https://creativecommons.org/licenses/

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

\ White Rose -
| university consortium eprints@whiterose.ac.uk
WA Universiies of Leeds, Sheffield & York https://eprints.whiterose.ac.uk/




Published OnlineFirst September 30, 2021; DOI: 10.1158/0008-5472.CAN-21-0061

CANCER RESEARCH | TRANSLATIONAL SCIENCE

MTHT1 Inhibitor TH1579 Induces Oxidative DNA Damage
and Mitotic Arrest in Acute Myeloid Leukemia
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Acute myeloid leukemia (AML) is an aggressive hematologic
malignancy, exhibiting high levels of reactive oxygen species (ROS).
ROS levels have been suggested to drive leukemogenesis and is thus a
potential novel target for treating AML. MTH1 prevents incorpo-
ration of oxidized nucleotides into the DNA to maintain genome
integrity and is upregulated in many cancers. Here we demonstrate
that hematologic cancers are highly sensitive to MTH1 inhibitor
TH1579 (karonudib). A functional precision medicine ex vivo screen
in primary AML bone marrow samples demonstrated a broad
response profile of TH1579, independent of the genomic alteration
of AML, resembling the response profile of the standard-of-care
treatments cytarabine and doxorubicin. Furthermore, TH1579 killed
primary human AML blast cells (CD45™) as well as chemotherapy
resistance leukemic stem cells (CD45"Lin~CD34"CD387), which

Introduction

Acute myeloid leukaemia (AML) is an aggressive haematologic
malignancy of immature cells of the myeloid lineage. It is the most
common acute leukemia in adults, accounting for 75% of newly
diagnosed cases (1). It is highly heterogenetic and stratified into
various risk categories based on genetic alterations (2). AML patient
samples contain rare leukemic stem cells (LSC), which have unlimited
self-renewal capacity that continuously propagates leukemic clones
and large numbers of more mature AML blast cells (3, 4). Without
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are often responsible for AML progression. TH1579 killed AML cells
by causing mitotic arrest, elevating intracellular ROS levels, and
enhancing oxidative DNA damage. TH1579 showed a significant
therapeutic window, was well tolerated in animals, and could be
combined with standard-of-care treatments to further improve effi-
cacy. TH1579 significantly improved survival in two different AML
disease models in vivo. In conclusion, the preclinical data presented
here support that TH1579 is a promising novel anticancer agent for
AML, providing a rationale to investigate the clinical usefulness of
THI1579 in AML in an ongoing clinical phase I trial.

Significance: The MTH1 inhibitor TH1579 is a potential novel
AML treatment, targeting both blasts and the pivotal leukemic stem
cells while sparing normal bone marrow cells.

successful treatment, the clonal expansion within the bone marrow
(BM) and blood leads to BM failure and ultimately death. The AML
blasts can often be eliminated with conventional chemotherapy
(cytarabine/anthracycline), thereby achieving remission. However,
LSCs are largely resistant to chemotherapy and consequently many
patients will ultimately relapse, accounting for the leading cause of
death in AML (5). Thus, identifying therapies that can eradicate LSCs
is pivotal to achieve a durable clinical response.

There is emerging evidence that AML, like many other cancers,
exhibits high levels of reactive oxygen species (ROS; ref. 6). Under
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normal conditions, low levels of ROS are important for self-
renewal, regeneration, and proliferation of hematopoietic stem
cells (7). However, high levels of ROS are suggested to target the
differentiation of leukemic blasts and LSCs, and thus promote
leukemogenesis (6, 8, 9). Particularly the mutant receptor kinases
FLT3, cKIT, RAS, and IDH1/2 seem to drive intracellular ROS
production in AML (for review, see ref. 8). Furthermore, a cor-
relation between high ROS and poor prognosis in FLT3/IDT AML
subtype has been reported (10). Excessively elevated ROS levels can
cause fatal oxidative damage to DNA and proteins, leading to
apoptosis and become lethal for the cell (11). Therefore, cancer
cells must develop antioxidant defenses to keep ROS at high, but
tolerable, levels.

It was previously hypothesized that proteins, such as MTH1
(human MutT homolog 1, NUDT1), that prevent the conversion of
high ROS levels into DNA damage, could be suitable molecular
targets to selectively cause DNA damage in cancer cell (12-19).
MTHI1 hydrolyses oxidized nucleotides, such as 8-0xo-dGTP and
2-OH-dATP, in the dNTP pool into their corresponding monopho-
sphates. An excess of 8-0xo-dGTP incorporation into DNA causes
G:C —T:A transversions, DNA damage responses, and cell senes-
cence (20). ROS accumulates in mitotically arrested cells (21, 22).
MTHI1 protein also has roles in mitosis, binding tubulin, and
promoting microtubule polymerization (23), but these roles are
largely uncharacterized to date. MTH1 is dependent on the
redox balance in the cell for activity and ROS levels in the cell
dictate the responses of the MTHI inhibitors (MTH1i) TH588
and TH1579 (24, 25). Interestingly, MTHI1 is overexpressed in
various cancer forms, for example, hematologic cancers (www.
proteinatlas.org; ref. 26), breast cancer (27), colon, lung, and
pancreatic cancers (28), suggesting that the cancer cells use this
pathway to survive their dysregulated redox balance. We have
previously identified first-in-class MTHI1i, showing anticancer
properties in solid cancers (12, 13, 23, 25, 29-32). These cytotoxic
MTHIi have a dual action; (i) cause a mitotic arrest by disturbing
microtubule polymerization, which in the case of TH588 and
THI1579 is likely mediated also by an MTHI-independent direct
inhibition of tubulin polymerization (23, 33), and induce ROS and
8-0x0dGTP production, and (ii) elevate oxidized nucleotide incor-
poration into DNA by MTHI inhibition (23, 34). MTH1 inhibitors
that do not arrest cells in mitosis fail to show toxicity in mono-
therapy (23). A complete understanding of the complex role of
MTHI and detailed mechanism of action of TH1579 is still missing.

The clinical candidate MTH1i TH1579 (karonudib), is presently
undergoing two clinical phase I studies investigating safety and
tolerability in patients with any type of advanced solid tumor malig-
nancies (https:/clinicaltrials.gov/, MASTIFF, NCT03036228) and in
relapsed/refractory hematologic malignancies (https://clinicaltrials.
gov/, MAATEO, NCT04077307).

Here, we show preclinical data from AML cancer cell lines (CCL),
AML (blast and cells enriched for LSCs) patient BM samples, and two
AML disease models, supporting the beneficial effect of TH1579
therapy in AML.

Materials and Methods

Compounds

TH588, TH1902, TH1939, TH1579, and AZ19 were prepared
according to published methods (ref. 12; W0O2015187088; ref. 35).
Paclitaxel, vincristine, cytarabine, doxorubicin, and venetoclax were
purchased from Sigma-Aldrich.
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Sanger screen

Three MTH1 inhibitors, TH588, and two more optimized analogs,
TH1902 and TH1939, were tested at Sanger Institute for cell viability in
715 CCLs. The cell assay is described in Iorio and colleagues (36).
Correlations were performed using publicly available AUC values
from Cancer Therapeutic Response Portal, Broad Institute, of 433
overlapping CCLs response to 481 FDA-approved drugs, clinical
candidates and small molecules (37), and AUC values from MTH1i
in same CCLs. Pearson r was normalized across dataset by Fisher z-
transformation to account for differences in number of complete
observations for each pairwise combination.

Cell lines culture

HL60 (AML), K562 (chronic myeloid leukemia), Kasumi (AML),
KGla (AML), MV4-11 (AML), THP-1 (AML), A3 (T-cell acute
lymphoblastic leukemia, T-ALL), CCRF-CEM (T-ALL), Jurkat (T-
ALL), Molt4 (T-ALL), KBM-3 (AML), PL-21 (AML), NB4 (acute
promyelocytic leukemia, APL), SU-DHL-5 (diffuse large B-cell lym-
phoma, DLBCL) were purchased from ATCC. All cells except KBM3
were maintained in RPMI1640 medium with GlutaMax. Media were
supplemented with 10% heat-inactivated FBS, 100 U/mL penicillin,
and 100 pg/mL streptomycin. KBM3 cells were cultured in Iscove’s
Modified Dulbecco’s Medium with GlutaMax with 15% heat-
inactivated FBS supplemented with 2% L-glutamin. Cells were
maintained at 37°C, 5% CO, in a humid incubator, passaged a
maximum of 25 times, checked for Mycoplasma contamination
(MycoAlert Mycoplasma Detecton Kit, Lonza) every other month.

Establishing of doxocycline-induced short hairpin RNA MTH1
HL60 cells

HL60 short hairpin (shRNA) NT, MTH1#2, MTH1#3 cells were
obtained as described in ref. 23.

NT shRNA: 5-GGAACTAGCATACGTAAGTAA-3'.

MTHI1 sh#2 shRNA: 5-CGAGTTCTCCTGGGCATGAAA-3'.

MTHI1 sh#3 shRNA: 5-CGACGACAGCTACTGGTTT-3'.

Viability assay

Cell viability assay using resazurin was performed as described in
ref. 12. Each experiment was performed in triplicates. Curves were
fitted using GraphPad Prism and ICs, values were determined.

N-acetyl-L-cysteine (NAC) experiment: 5,000 cells of different
leukemic cell lines were seeded into 96 cells well plate with or without
2.5 mmol/L of (NAC, Sigma A9165-25G) followed by addition of
different concentration of TH1579 using drug dispensing machine
(D300e TECAN). After 72 hours of incubation period, resazurin was
added to measure the viability of the cells using HIDEX plate reader.

ROS experiment

A total of 300,000 cells of different leukemic cell lines in 6-well plate
were treated with TH1579 for 18 hours. Cells were resuspended in
serum and antibiotic-free media and stained using ROS indicator CM-
H2DCEF (Life Technologies, C8627) for 30 minutes and analyzed using
FACS as per the manufacturer’s protocol.

Dead cell analysis by flow cytometry

All experiments were carried out using a Navios flow cytometer
from Beckman Coulter. Cells (4-20 x 10*/mL) were plated in 12-well
plate or T-25 flasks in the presence or absence of MTH1i. The cells were
recollected at the indicated timepoint (24, 72, or 120 hours); spun
down for 5 minutes at 500 G, 4°C; washed once in cold PBS with 5%
FBS; and fixed by freezing cells in 70% ethanol; washed twice in cold
PBS with 5% FBS; resuspended in FACS buffer [20 pg/mL RNAse A,
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0.1% Triton X-100, and 50 pg/mL propidium iodide (PI) in PBS].
In the case of shRNA HL60 cells, the FACS buffer was 20 pug/mL
RNAse A, 0.1% Tween-20 and 10 pg/mL hoechst #33342 in PBS.
After 1 hour of dark incubation at 4°C, the samples were analyzed
on flow cytometer. Cells below to the G; population peak were
scored as dead cells.

Western blot analysis

Western blot analysis was performed as described previously (23).
Following antibodies were used: rabbit anti-53BP1 (A300-272A,
Bethyl Laboratories), mouse anti beta-Actin (ab6276, Abcam), rabbit
anti-cyclin Bl (sc-594, Santa Cruz Biotechnology), rabbit anti-
GAPDH (sc-25778, Santa Cruz Biotechnology), mouse anti-H2AX
phospho S139 (05-636, Millipore), mouse anti-Histone H3 phospho-
$10 (pH3; ab14955, Abcam), rabbit anti-pH3 (ab5176, Abcam), goat
anti-MAD?2 (sc-6329, Santa Cruz Biotechnology), rabbit anti-MTH1
(NB100-109, Novus Biologicals), and rabbit anti-cleaved PARP
(#9541, Cell Signaling Technology). Secondary antibodies used: goat
anti-mouse IgG Alexa Fluor 488 (A11029, Life Technologies), donkey
anti-rabbit IgG Alexa Fluor 555 (A31572, Life Technologies), donkey
anti-goat IgG IRDye 800CW (926-32214, LI-COR), donkey anti-
mouse IgG IRDye 800CW (925-32212, LI-COR), donkey anti-
rabbit IRDye 680RD (925-68073, LI-COR), and goat anti-rabbit IgG
IRDye 800CW (926-32211, LI-COR).

Immunofluorescence

After treatment or shRNA induction, approximately 1 million
cells/samples were recollected for quantitative immunofluorescence
analysis of pH3 or colocalization of nuclear YH2AX and 53BP1 foci.
Immunofluorescence experiments were performed as described
previously (38).

Modified comet assay

A total of 300,000 HL60 cells were seeded in 6-well plates. Next day
cells were treated with DMSO or TH1579 for 24 hours. Modified comet
assay was performed as described previously (12).

Cell culture and colony-forming assay of human primary AML
8227 and human BM

The human AML 8227 is an aggressive, relapsed leukemia with
mutations in p53, RUNXI, and FLT3-ITD and constitutes approx-
imately 4%-8% of functional enriched (CD34*CD387) LSCs. AML
8227 cells were cultured (400,000 cells/mL) in 1 mL Stemspan
medium (Stem Cell Technologies) containing growth factors (IL3,
10 ng/mL; SCF, 50 ng/mL; IL6, 10 ng/mL; FLT3L, 50 ng/mL; GCSF,
10 ng/mL; and TPO, 25 ng/mL) and Primo+ (antifungal/antibac-
terial agent) and incubated at 37°C, 5% CO,, 20% O,. Colony-
forming assays: early-passage 8227 AML cells were suspended in
H4434 semisolid media for human cells (Stem Cell Technologies,
#03444), 1% pen strep to obtain a final cell concentration of 20,000
cells/mL. Whole human BM cells were prepared in parallel (10,000
cells/mL). The cell suspension mix in methylcellulose (3 mL) was
treated with TH1579 and doxorubicin, alone or in combination,
thoroughly vortexed and incubated for 10 minutes at 37°C. Sub-
sequently, solutions were plated in duplicates of 1 mL on nontissue
culture treated 6-well plates (Corning Life Sciences, #351146).
After incubation at 37°C, 5% CO,, 95% humidity for 10 days,
colonies formed by clonogenic AML cells and clonogenic control
BM cells (i.e., normal hematopoietic progenitor cells) were counted
by inverted microscopy to assess the ICs, for single drugs and drug
combinations.

AACRJournals.org
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Coculture of AML blasts and leukemia stem cells and mouse
stroma cells

The coculture of primary AML blast and enriched LSCs and flow
cytometric analysis has been described previously (see Supplementary
Data for details; ref. 39). The cells were treated with TH1579 (400 or
800 nmol/L) or DMSO and propagated on the stromal cells until the
control DMSO-treated cells reached confluency (5-10 days). Cells
were harvested, spun down, washed once in cold FACS buffer (PBS and
2% FBS) and incubated with following antibodies: CD56-PECy5,
CD235a-PECy5, CD3-PECy5, CD19-PECy5, CD14-PECy5, CD11b-
PECy5, CD34-APC, CD38-PerCpCy5.5, CD45-Alexa Flour700
for 20 minutes. The CD45 antibody was used to distinguish the
human cells from the mouse MS5 stromal cells and PI for viability.
Lineage-negative cells (Lin~) were defined as negative for the following
surface markers: CD56, CD235a, CD3, CD19, CD14, CDl1b.
The number of immunophenotypic leukemic LSCs was assessed by
FACS (LSRFortessa flow cytometer, Becton Dickinson) analysis of
PI"Lin~CD45"CD347CD38™ cells.

Functional precision medicine ex vivo screen

BM biopsies were obtained from patients newly diagnosed with
AML and were transferred within 24 hours to the lab for processing.
Mononuclear cells in the BM aspirates were isolated using gradient
centrifugation with Lymphoprep (Stemcell Technologies) at 400 x g.
The mononuclear cells were used for ex vivo drug sensitivity and
resistance testing as described previously (40). Quality control and
drug sensitivity scoring (DSS) calculation (41) and data analysis was
performed using Breeze (breeze.fimm.fi), Morpheus (https://software.
broadinstitute.org/morpheus/), and Graphpad Prism.

Written informed consent from patients were obtained and the
studies using human primary material were performed in accordance
with the Declaration of Helsinki and approved by Institutional Review
Boards (ethical approvals: Copenhagen, H-15004577 and Stockholm
Dnr 2017/2085-31/2).

Synergy calculations

Synergy of TH1579 and other drug combinations was calculated
utilizing the SynergyFinder web application 2.0, allowing for interac-
tive analysis of multidrug combination data (https://synergyfinder.
fimm.fi/synergy/2020041617234918296/). Synergy (8, ZIP) scores
between 0-10 was defined as additive and >10 synergistic (41).

Disease models

All animal experiments were approved and conducted as per the
European directive, ethical guideline, and regulations of the Institu-
tional Review Committee, that is, Regional Animal Ethical Committee
Stockholm (approval Dnr: N89/14,7053-2018). Upon arrival to animal
facility, animals were housed 3-5 mice/cage, acclimatized in the animal
house for a week with ad lib food and water, with a 12-hour light cycle.
Temperature and humidity set according to laboratory animal guide-
lines and regulations. TH1579 (45 mg/kg, 90 mg/kg, twice daily,
per oral, p.o.) was formulated in a vehicle solution of DMSO, Tween
80, Kolliphore EL (Sigma) and sterile water, cytarabine (50 m/kg every
day, intraperitoneal, i.p.) was formulated in saline.

The HL60adp xenograft model was established by injecting HL60
luciferase expressing cells intravenous into NOD/SCID IL2R™/~
female mice (Charles River) as described previously (42). All image
experiments were conducted on an IVIS spectrum preclinical in vivo
imaging system (Perkin Elmer). Animals were randomized into
treatment groups. Treatment initiated 1 week after cell injection.
Animals were euthanized when human endpoint (predefined as
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0.6p according to Karolinska Institute human endpoint guide) was
reached.

For the THP-1 xenograft model, NOD-SCID mice, (female, 6-
7 weeks old, breeding colony at Karolinska Institutet animal facility)
were injected subcutaneous with 1 x 10° THP-1 cells together with
Matrigel (1:1, BD Biosciences) in the right flank area. When tumor
volume reached approximately 70-100 mm?, the mice were stratified
into five different groups and treatment initiated. Tumor volume was
measured by a digital calliper twice a week and calculated using the
formula (length x width® x 0,52). Animals were euthanized when
tumor reached 1,000 mm?® or the human endpoint was reached.

The group sizes were based on previous experience of MTH1i and
disease model. The exclusion/inclusion criteria were predefined in
ethical license as was the human endpoint and maximal tumor burden
was set as 1,000 mm”. Body weight measured twice weekly, and the
general status of the treated animals were checked daily. Survival plots
and tumor volume growth graphs were drawn using Graphpad Prism
software.

Results

MTH1 inhibitors efficiently kill hematologic cancers

To further understand the response of various cancers to our
MTHLIi, we performed a viability screen with three MTH1i (TH588,
TH1902, and TH1939) at Sanger institute in 715 different CCLs,
including 131 hematopoietic CCLs. The two more optimized com-
pounds from the same chemical series, TH1902 and TH1939, were the
most potent of the three drugs tested for all CCLs (Fig. 1A). A further
analysis of hematopoietic CCLs showed that differences in sensitivity
are probably related to properties of individual hematopoietic CCLs
rather than dependent on the type of disease (Fig. 1B; Supplementary
Table S1). We used the publicly available AUC values of 433 over-
lapping CCLs’ response to 481 FDA-approved drugs, drugs under
clinical evaluation and small-molecule probes (37) and correlated with
the AUC values following treatment with MTHIi in the same CCLs.
The analysis revealed that for each of the tested compounds, apart from
correlations with the other MTHIi, the highest values of the Pearson r
are for correlations with inhibitors of polo-like kinase 1 (PLK1),
microtubule, topoisomerase, and AURORA kinase (Fig. 1C). TH1902
correlates more strongly to topoisomerase inhibitors and TH1939
correlates more strongly to microtubule inhibitors in hematopoietic
and lymphoid tissue (Fig. 1D).

In agreement with the three tested MTH1i, majority of the hemato-
poietic CCLs tested were sensitive to the best-in-class analog and
clinical candidate drug TH1579 (karonudib; ref. 13), with two outliers:
NB4 was the most susceptible and KBM3 the least susceptible hemato-
poietic CCL (Fig. 2A and B). In contrast to TH1579 treatment, KBM3
cells responded well to the microtubule inhibitors paclitaxel and
vincristine (Fig. 2C; Supplementary Fig. S1A). We and others have
previously shown that the oxidative environment of the cancer cell is
important for the cytotoxicity of TH588 and TH1579 (12,13, 24, 25,43).
Here we found that NB4, the most sensitive hematopoietic CCL tested,
also had the highest level of endogenous ROS (Fig. 2D). However, the
resistant KBM3, did not show significantly lower endogenous baseline
ROS compared with other TH1579-sensitive hematopoietic CCLs
(Fig. 2D). The basal levels of MTH1 did not correlate to sensitivity
in KBM3, NB4, HL60, and A3 CCLs (Fig. 2E), in line with previous
findings (12). YH2AX was endogenously high in NB4 cells, while
KBM3 showed endogenously low levels (Fig. 2E).

TH1579 did not induce any cell death in healthy human blood
mononuclear cells (PBMC) at the concentrations used (Fig. 2F).

5736 Cancer Res; 81(22) November 15, 2021

TH1579 induces mitotic arrest and oxidized DNA damage,
resulting in AML death

THS588 cytotoxicity has been proposed to be independent of MTH1
and 8-oxodGTP (35, 44, 45), but dependent of ROS (43). We and
others have previously shown that TH588 cytotoxicity is related to
ROS, partly rescued by expression of 8-oxodGTPase MutT and
disturbs mitotic progression and induces accumulation of genomic
8-0x0dG, contributing to cell killing (12, 13, 24, 34). In line with our
previous findings, TH1579- and TH588-treatment caused HL60 cells
to arrest in G,—-M-phase of the cell cycle and increased number of
mitotically arrested cell (Fig. 3A-C; Supplementary Fig. S1B). TH1579
treatment elevated ROS levels (Fig. 3D) and increased incorporation
of oxidized nucleotides such as 8-oxodG in DNA in HL60 cells
(Fig. 3E; Supplementary Fig. S1C). TH1579 did not induce ROS in
the resistant KBM3 cell, but significantly increased ROS in the
TH1579-sensitive NB4 and A3 cells (Fig. 3F). Pretreatment with the
ROS scavenger, NAC, showed a minor, but significant, rescue of
TH1579-induced cytotoxicity at the higher concentrations in HL60
and A3 cells (Fig. 3G; Supplementary Fig. SID-F). Confirming our
previously observed effects in solid cancers (12, 13), TH1579 and
TH588-treatment induced phospho-histone 3, reduced spindle assem-
ble checkpoint MAD2, HL60 cells, increased YH2AX, cleaved PARP,
53BP1 (Fig. 3H-I; Supplementary Fig. S2A-E) and increased number
of dead cells (Fig. 3J; Supplementary Fig. S2F). TH1579 did not induce
any DNA damage response in the resistant KBM3 cells (Fig. 3I),
consisting with the TH1579 resistance.

Interestingly, by combing a non-cytotoxic MTH1i, AZ19 (35), with
microtubule inhibitor paclitaxel, we could make the non-cytotoxic
MTHIi cytotoxic and accumulate genomic 8-oxodG (Supplementary
Fig. S3A-E), indicating the importance of the delayed mitotic pro-
gression in combination with genomic accumulation of oxidized
nucleotides for overall effect of cytotoxic MTHI1i.

MTH1 plays a role in AML survival

Because there has been a discussion of the role of MTHI in
cancer (46), we performed MTHI1 shRNA knockdown in HL60 cells
using a doxycycline-induced system and two different stRNA primers.
MTH1 shRNA knockdown significantly slowed down cell prolifera-
tion (Supplementary Fig. S4A), enhanced number of dead and mitot-
ically arrested cells (Supplementary Fig. S4B and C) and elevated
cleaved PARP and YH2AX (Supplementary Fig. S4D-F), indicating
apoptosis and DNA damage. Thus, these data suggest that MTH1 plays
some role in AML proliferation and survival, however less pronounced
compared with the drug treatments.

TH1579 kills both primary AML blast and stem cells while sparing
normal cells

Because LSCs plays an important role in drug resistance, we were
interested to evaluate the effect of TH1579 on primary AML blast
and enriched LSCs. BM cells originating from 22 different patients
were cocultured with mouse stroma cells keeping the immunophe-
notypic hierarchy of blasts and enriched LSCs. Using flow cyto-
metric analysis, the MTH1i was shown to significantly prevent
growth of 19 of 22 AML samples, compared with control (DMSO)-
treated patient samples (Supplementary Fig. S5). TH1579 signifi-
cantly prevented cell growth of both the CD45" AML blasts as well
as the cells enriched for LSCs (Lin”CD347CD387; Fig. 4A and B;
Supplementary Fig. S5 and S6). TH1579 was 4.5-fold more cytotoxic
against human AML cells compared with human BM cells from
healthy donors (Fig. 4C; Supplementary Fig. S7), indicating a
therapeutic window.
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MTH1 Inhibitor TH1579 as a New Potential Therapy in AML

|Cgqlog values (pmoliL)

Hematologic cancers sensitive to MTH1inhibitors and show best correlation to mitotic arrest agent’s response profile. A, Log ICso (umol/L) values of TH588, TH1902,
and TH1939in131blood CCLs and 584 solid CCLs from a viability screen performed at Sanger Institute. B, Log ICso (umol/L) values of TH1939 in131blood cancer (same
set as shown in A), separated on the basis of diagnosis. C, Correlation between AUCs to Cancer Therapeutics Response Portal, Broad Institute, AUC data of 481 small
molecules in up to 433 overlapping cell lines in A. Pearson r was normalized across the dataset by Fisher z-transformation to account for differences in number of
complete observations for each pairwise combination. D, Correlation in CCLs from hematopoietic and lymphoid tissues as CCL Encyclopedia primary site, 72 CCLs
total. TH1902 correlates more strongly to topoisomerase (circle, gray dots, similar to topotecan and etoposide) and TH1939 correlates more strongly to microtubule

inhibitors (circle, gray dots, similar to isoevodiamine, parbendazole).

TH1579 has a broad response profile in functional precision
medicine ex vivo screen

We have set up a functional precision medicine ex vivo cell
viability screen assay to identify responders to novel and approved
treatments using BM samples from patients with AML at diagno-
sis. BM samples from 27 patients with AML were treated with
either vehicle, TH1579, the approved AML drugs cytarabine,
venetoclax, doxorubicin, or microtubule inhibitors vincristine and
paclitaxel as monotherapy. Figure 4D shows the DSS of the
treatments in individual AML patient samples. The known AML
genetic mutations for each patient are listed above the DSS scores.
TH1579 showed a broad response in most patients with AML,
similar to cytarabine and doxorubicin response pattern. No cor-
relation between response and the common genetic mutations
were observed.

AACRJournals.org

TH1579 combined with venetoclax or doxorubicin may be bene-
ficial in AML. Because TH1579 is presently investigated for safety and
tolerability in a phase I trial in hematologic cancers, we wanted to
identify the most effective combination treatments for future clinical
development. Today the standard-of-care treatment for AML consists
of chemotherapeutics, such as cytarabine (ARA-C) and anthracy-
clines, for example, doxorubicin. Venetoclax (BCL2 inhibitor) was
recently FDA approved for treatment of AML in combination
with azacytidine, decitabine and low-dose cytarabine. Microtubule
inhibitors are not commonly used in AML, but as we identified
microtubule inhibitors as a class of drugs that our MTH1i show
similarities with (Fig. 1C and D), we included them as well. Thus,
cytarabine, venetoclax, vincristine, paclitaxel, colchicine com-
binations with TH1579 were performed in HL60 cells (Fig. 4E
and F; Supplementary Fig. S8A-H; Supplementary Table S2) and

Cancer Res; 81(22) November 15, 2021

Downloaded from cancerres.aacrjournals.org on November 24, 2021. © 2021 American Association for Cancer Research.

5737



Published OnlineFirst September 30, 2021; DOI: 10.1158/0008-5472.CAN-21-0061

Sanjiv et al.

>
w

80
-e- HL60 b
o = KBM3
) -+ PL21 2z = 9
8 - K562 5 35
§ 40 - Mvd-11 > S 50+
2 e Kgla g fg
20 8 Kasumi = * 25+
- NB4
o B - CCRF-CEM 0
0 200 400 600 800 -e- Jurkat 030508101315 1.8 2.0
TH1579 (nmoliL) - xlglm TH1579 (umoliL) Paclitaxel (nmol/L)
e
=+ SU-DHL-5
D E A3 HL60 NB4 KBM3 F
600,000 PH3 [ s s (17KD 80+ -e- Donor A
€ A
400,000 2
g 8
Jat A » o C— ® 404
S . MTH1 -”” 18KD 8
= 200,000 — °
S . = R 50
& :
b= yH2AX " 15KD pti:,,____g
olombe - :
A3 HL60 NB4 KBM3 Actin 43KD 0 200 400 600 800
BAC | SR S S S— TH1579 (nmoliL)
Figure 2.

Hematologic cancers sensitive to TH1579 treatment. A, TH1579 induces cell death in various hematological cancer cell lines (HL60, PL21, K562, Mv4-11, Kgla, NB4,
CCRF-CEM, Jurkat, Molt4, A3, SU-DHL-5, Kasumi, KBM3). KBM3 cells were resistant to TH1579 treatment. After 72 hours treatment, cells were stained with Pl and
analyzed by FACS. The percentage of dead cells was determined on the basis of the subG; population. Data shown as mean + SEM of two to four independent
experiments. B, TH1579 treatment reduces cell viability of leukemia CCLs. ICsq values: 132 + 6 nmol/L (NB4), 234 4 24 nmol/L (A3), 456 + 35 nmol/L (HL60), and 1365
+ 255 nmol/L (KBM3); mean + SEM, n = 3-5. C, Paclitaxel treatment reduces cell viability of leukemic CCLs. ICsq values: 1.1 & 0.09 nmol/L (NB4), 1.7 + 0.14
nmol/L (A3), 2.1+ 0.22 nmol/L (HL60), and 1.5 + 0.02 nmol/L (KBM3); mean + SEM, n = 3-5. Note that the KBM3 cells are as sensitive as the other CCLs for the
treatment. For B and C, cells were treated with drug for 72 hours and cell viability measured using resazurin assay. Data shown mean 4 SEM of three to
five independent experiments. D, Endogenous intracellular ROS level in leukemic CCLs, untreated, measured by H2DCFA flow cytometry method. Mean +
SEM, n = 4 but from two different days. E, One typical example of Western blot analysis on endogenous levels of phosphorylated histone 3 (s10H3), MTH1,
YH2AX (B-actin intrinsic control) in untreated CCLs. F, Treatment for 96 hours with TH1579 does not induce cell death in normal PBMC from two donors. Data

shown as mean + SEM of duplicates from two individual donors.

cytarabine/TH1579 and venetoclax/TH159 combination per-
formed in eight AML primary samples (Supplementary Fig. S9A
and B). Cytarabine and microtubule inhibitor combination with
TH1579 were further investigated in THP-1 cells (Supplementary
Table S2). Synergy score and most synergetic area score were
calculated using the ZIP method. Cytarabine/TH1579 showed the
lowest synergy score and vincristine/TH1579 and venetoclax/
TH1579 the highest synergy (Fig. 4E and F; Supplementary
Fig. S8A-S8H, S9A, S9B, S10A-C; Supplementary Table S2).

Interestingly, combinatorial treatment with TH1579 and doxoru-
bicin showed significant synergistic therapeutic inhibition of human
AML cells (ZIP synergy score: 16.9) but not normal human BM cells,
ZIP synergy score: —0.862 (Fig. 4G and H).

TH1579 reduces tumor growth and increases survival in AML
disease models

TH1579 responds well in both HL60 and THP-1 cells (Fig. 2A;
Supplementary Fig. S11A) and both human AML cell lines were
grafted in mice to investigate the effect of TH1579 in AML disease
models. Oral treatment with TH1579 (45 mg/kg twice daily and
90 mg/kg twice daily, three times a week) inhibited the AML pro-
gression in NOD/SCID IL2R '~ female mice preinjected intravenous-
ly with human HL60Adp luciferase expressing cells and significantly

5738 Cancer Res; 81(22) November 15, 2021

increased the overall survival of treated animals (Fig. 5A-C; Supple-
mentary Video).

TH1579 showed significantly better tumor growth inhibition and
increased survival than one of the standard-of-care treatments for
AML, cytarabine (ARA-C), in NOD/SCID mice grafted subcutane-
ously with THP-1 (Fig. 5D and E). The combination treatment of
TH1579 and cytarabine did not show any additional efficacy (Fig. 5D
and E). TH1579 was well tolerated and no effect on body weight was
observed (Supplementary Fig. S11B). During the 6-week treatment
period, all mice in the combination and the low-dose TH1579 groups
had tumor volume (TV) that reached maximum survival criterion of
1,000 mm’. In the high-dose TH1579 group, only 1 of 6 mice
developed a TV of 1,000 mm°. To assess resistance, we restarted
another cycle of TH1579 treatment in 4 mice whose tumor went back
into remission and grew over 100 mm?; one of these mice had skin sore
and was terminated earlier. After 6 weeks of remission treatment with
TH1579, their TV remained at approximately the same as the pre-
therapeutic volume. The efficacy of TH1579 in suppressing tumor
growth during this second cycle of 6-week treatment showed that the
mice had not developed resistance to the drug. Three of 4 mice
responded well to TH1579 treatment. At the end of the study, which
was 3 weeks after the cessation of the second treatment cycle, 2 mice
had TVs approaching 1,000 mm?, and the 1 mouse whose restarted
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Figure 3.

TH1579 kills AML cells by causing G,-M arrest, increases ROS, genomic 8oxodG, and DNA damage. A, A total of 24 hours treatment of TH1579 induced cell death mostly
from G,-M. n = 3. B, TH1579 causes G,-M arrest in HL60 cells. Mean 4+ SEM, n = 3. C, TH1579 increases number of mitotically arrested cells. After 24 hours treatment, cells
were stained with Histone H3-pS10 antibodies and DAPI. H3pS10-positive cells with chromatin condensation were scored as mitotic cells. Data shown as percentage of
total cells. Mean & SEM from two to four independent experiments. ***, P < 0.001, one-way ANOVA, Tukey multiple comparison. D, TH1579 induces ROS levels in
HL60 cells. ROS was measured using ROS indicator CM-H2DCF. After 18 hours of treatment, it was analyzed using FACS and normalized to control (DMSO)-treated cells.
Mean + SEM from four independent experiments. *, P< 0.05, one-way ANOVA, Tukey multiple comparison. E, Quantitative data of modified comet assay from HL60 cells
treated with MTHT inhibitor for 24 hours showing an increase in tail moment after addition of OGG1 enzyme in DNA of HL60 cells. Data shown as mean + SEM
from n = 2 independent experiments. F, TH1579 (400 nmol/L, 18 hours treatment) significantly elevates ROS in NB4 and A3 cells, while no ROS induction was
observed in the resistant KBM3 cells. Data normalized to control (DMSO)-treated cells. Mean 4 SEM from four independent experiments. *, P < 0.05 compared
with control-treated cells in NB4, A3, KBM3, respectively. Student t test. G, NAC treatment partly rescues TH1579-induced toxicity. HL60, NB4, and A3 cells
treated with 2.5 mmol/L NAC and TH1579 at concentrations as mentioned in the figure for 72 hours. Mean + SEM; n = 3 independent experiments. *, P < 0.05,
Student t test. (full curves in Supplementary Fig. 1D-F). H, Quantification of Western blot analysis from three independent treatment experiments
following 24-hour TH1579 treatment in HL60 cells showing increased expression of DNA damage, mitotic, and apoptotic markers. Mean + SEM.
** P <0.01; ****, P < 0.0001. Two-way ANOVA, Tukey multiple comparison (representative Western blot analysis in Supplementary Fig. S2A). I, A typical
example of Western blot analysis following 18-hour TH1579 treatment in HL60, NB4, and KBM3 cells, showing elevated levels of DNA damage in the TH1579-
sensitive NB4 and HL60, but no DNA damage response in resistant KBM3 cells. J, Dose-dependent increase in percentage of dead cells measured by FACS
analysis of the subG; population in HL60 cells. Data shown as mean + SEM from three to four experiments.

treatment later was still under treatment and had TV of 119 mm®  elderly patients with AML often deemed unfit for advance chemo-

(Fig. 5D). therapy. Third, we show TH1579 treatment kills both AML bulk and

the cell population enriched for LSCs. This is of importance because

. . LSCs propagates AML by generation of partial differentiated leukemic
Discussion

blast cells forming the bulk of the disease (3) and have been suggested

Here we provide preclinical support that TH1579, an optimized
MTH1i and clinical candidate drug, shows efficacy as monotherapy, as
well as in combination with standard of care, in AML. While disease
control in preclinical models is profound, this may not necessarily
translate into benefit over existing treatments in the clinic. There are
however several interesting aspects that make TH1579 interesting.
First, TH1579 is orally available and administered as tablets in ongoing
clinical studies. Second, TH1579 shows a therapeutic index (Fig. 4C)
and thus potential to be well tolerated. This is in contrast to many other
treatments for AML that cause hospitalization, due to administration
route, and severe adverse effects. This may for instance be beneficial to

AACRJournals.org

to play a key role in chemotherapy resistance and relapse (47).
Mechanistically, TH1579 induces ROS (Fig. 3; refs. 23, 25) and may
thus alter the redox status in LSCs, increasing the DNA damage and
cell death. The phase I study (MAATEO, NCT04077307) is presently
recruiting patients with hematologic malignancies (AML, ALL,
DLBCL, Burkitt lymphoma, multiple myeloma or high-risk myelo-
dysplastic syndome) to evaluate safety, tolerability, and efficacy of
TH1579 and will likely provide further details on the prospect of
TH1579 in treatment of AML.

The mechanism of action of MTH1i as well as the role of MTH1 as a
target in cancer treatment is under debate (46). We could confirm a
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Figure 4.

TH1579 kills AML blast and LSCs, shows a therapeutic window and has a similar profile as standard-of-care in functional precision medicine ex vivo screen and can
improve SoC efficacy. A, Primary AML BM biopsies from 22 patients with AML were cocultured with mouse stroma cells and treated with TH1579 (400 and
800 nmol/L) or DMSO control for 72 hours. Using FACS sorting for human CD457, the TH1579 effect on AML blasts cells was investigated. Data shown as percent
change of control. Mean + SEM of 22 patients. Individual data shown in Supplementary Fig. 2A. **, P< 0.01; ****, P< 0.0001, one-way ANOVA. B, Using FACS, sorting
for human CD45"Lin~CD34"CD38™, the TH1579 induced effect on AML cells enriched for LSCs were analyzed following 72 hours treatment with TH1579. Data shown
as percent change of control. Mean 4 SEM of 22 patients. ***, P< 0.001; ****, P< 0.0001, one-way ANOVA Individual data shown in Supplementary Fig. 2B. C, TH1579
inhibits proliferation and survival of human AML 8227 cells at significantly lower doses compared with normal whole human bone marrow (hBM) cells, reflecting a
substantial therapeutic window in favor of human AML cells (AML ICsq 417.4 nmol/L vs. hBM 1903 nmol/L, P < 0.0001, ANOVA). Dose-response curves and ICso
estimations were made using non-linear regression. Mean 4 SEM from duplicate samples. Cells were treated with TH1579 for 10 days. Results are presented relative to
untreated cells (UT). D, Bottom, patient-specific relative DSS of TH1579, cytarabine, paclitaxel, vincristine, doxorubicin, and venetoclax, ordered by hierarchical
clustering (Pearson). Middle, a line fit histogram using absolute DSS values. Top, mutations occurring in more than two patients across cohort are indicated for each
patient in black. E, HL60 cells were treated with TH1579 and cytarabine for 72 hours. At the end of the incubation period, viability was measured using resazurin.
Synergy plot was derived using ZIP method. Images represent one replicate performed in duplicate. Two independent experiments were performed. F, HL60 cells
were treated with TH1579 and venetoclax for 72 hours. At the end of the incubation period, viability was measured using resazurin. Synergy plot was derived using ZIP
method. Images represent one replicate performed in duplicate. Two independent experiments performed. G, Synergistic interaction between TH1579 and
doxorubicin in AML patient BM biopsy. Synergy plot using ZIP analysis. H, Lack of synergy between TH1579 and doxorubicin in control human BM cells. Synergy plot
using ZIP analysis on combination TH1579-doxorubicin.

role of MTHI in AML by depleting MTH1 in HL60 cells showing
reduced survival. However, the observed effects following MTH1
depletion was mild and not as pronounced as with the MTH1i, which
may partly be explained by the incomplete level of MTH1 knockdown,
but also by the additional mitotic effect of TH1579 as it directly
destabilizes microtubule polymerization (23). It is unclear how much
of the toxic effect of TH1579 is mediated through targeting MTH1 and
through direct effect on tubulin. In our original article, we reported
differential sensitivity in CCLs to MTH1 knockdown, some being
highly sensitive while others not sensitive at all (12). It is likely that the
contribution of MTH1-mediated toxicity is dependent on the degree of
dependency on MTHI in the particular cell line. Hence, there is
unlikely a general answer to the degree of MTH1 contribution to cell
toxic effects. More insights into the biology of MTHI1 is needed as well
as better understanding of the TH1579 compound. In any case, we
observe a correlation of the MTH i response profile in the larger CCLs
screen with other mitotic inhibitors such as PLK1, microtubule,
topoisomerase and AURORA kinase inhibitors, indicating that the
disturbed mitotic progression by MTHIi is important for the anti-
cancer effect. This is further supported by our finding that a non-
cytotoxic MTH1i, AZ19 (35), can become cytotoxic and accumulate
genomic 8-oxodG when combined with the mitotic inhibitor, pacli-

5740 Cancer Res; 81(22) November 15, 2021

taxel (Supplementary Fig. S3). However, the AML cell line KBM3
showed resistance to TH1579 (Fig. 2) but not to microtubule inhibitors
paclitaxel and vincristine (Fig. 2; Supplementary Fig. SIA) and the
response profile of TH1579 in functional precision medicine ex vivo
screen did not resemble microtubule inhibitors, rather doxorubicin
and cytarabine, demonstrating that TH1579 has likely a unique
mechanism of action. Also, 8-0x0dG incorporation has previously
been shown to be cytotoxic and affect cell survival. For instance, in
Rudd and colleagues (34), we show that replacement of one of the
main DNA polymerases in human cells, DNA polymerase delta,
with an errorprone variant allows increased 8-oxodG accumulation
into DNA following treatment with the MTHI1i TH588. The
resulting elevated genomic 8-oxodG correlated with increased
cytotoxicity of TH588. Interestingly, it has been shown that ROS
accumulate throughout cell cycle, peaking in mitosis and accord-
ingly induced following prolonged mitotic arrest (21, 22). TH1579
causes a prolonged mitotic arrest (Fig. 3) by directly disturbing
tubulin polymerization and through disruption of binding between
tubulin and MTHI (23), increases ROS level (Fig. 3D-F) and
likely causing increased 8-oxodGTP levels in mitosis (34), and by
inhibiting the 8-oxodGTPase activity 8-oxodG is accumulated in
DNA (Fig. 3E) and subsequent DNA damage (Fig. 3) and death
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Figure 5.

TH1579 significantly increases survival in two different AML disease models. A, Treatment schedule in HL60adp AML disease model. B, TH1579 (45 mg/kg orally twice
daily and 90 mg/kg orally twice daily every second day) significantly hindered the disease development compared with vehicle-treated animals. IVIS images up to
55 days after HL60adp injection. Luciferase was used to detect tumor cells. Blue, low signal; red, high signal. N = 6 animals/treatment group. C, TH1579 treatment
significantly prolonged survival in HL60adp iv disease model. D, Effect on tumor growth in THP-1 disease model following TH1579, cytarabine (ARA-C), or
combination TH1579-cytarabine (ARA-C) treatment versus vehicle-treated animals. Data shown as mean + SEM of n = 5-6 animals per group. During the 6-week
treatment cessation period, all mice in the combination and the low-dose TH1579 groups had tumor volume that reached maximum survival criterion of 1,000 mm?;in
the high-dose TH1579 group, only 1of 6 mice developed tumor to 1,000 mm?. To assess resistance, another treatment cycle of TH1579 was initiated in four mice whose
tumor went back into remission and grew over 100 mm?. At the end of the study, which was 3 weeks after the cessation of the second treatment cycle, two mice had
tumor volumes approaching 1,000 mm?3, and the one mouse whose restarted treatment later was still under treatment and had tumor volume of 119 mm? when the
study was terminated. E, Survival curve on data from D. Animals were euthanized when tumor volume reached 1,000 mm?3. **, P< 0.01; **** P < 0.0001, Mantel-Cox

analysis survival curve.

(Fig. 3). Furthermore, additive/synergistic effects were observed
when combining TH1579 with microtubule inhibitors, indicating
differential mechanisms of action of the compounds (Supplemen-
tary Fig. S8). PLK1, microtubule, and AURORA kinase inhibitors
have been investigated in clinical trials in patients with AML with
poor clinical activity as single agents, but they offer potential
therapeutic window when combined with low dose of cytarabine
causing chromatin remodeling and DNA damage (48). Thus, the
dual mechanism of action of TH1579, that is, the prolonged mitotic
arrest and the generation of DNA damage by 8-oxodG incorpo-
ration into DNA, may be of therapeutic advantage in AML.

Here we demonstrate a broad TH1579 susceptibility of various
hematologic and AML cell lines and primary AML BM samples.
However, we observed some variability in responses to the TH1579
treatment, which could not be correlated to any genetically
altered subtype of AML, nor to the level of endogenous ROS or
MTHI. It is therefore tempting to speculate that the lack of
response may be due to lack of induction of prolonged mitosis
via microtubule disturbances. Clearly additional studies are needed
to fully understand the mechanism of action of TH1579 and
identify response biomarkers to help stratify patients with AML
for TH1579 therapy.

AACRJournals.org

The current therapy for newly diagnosed patients includes cytar-
abine and anthracycline (49). Recently, FDA granted accelerated
approval of venetoclax, in combination with azacitidin or decitabine
or with low-dose cytarabine for treatment of newly diagnosed elderly/
unfit patients with AML. Combining cytarabine and anthracycline
enhances the DNA damage and inhibits the DNA repair thereby
explaining the successful combination. Similarly, we hypothesized that
by combining TH1579, which increases DNA damage and causes a
prolonged mitotic arrest, with either cytarabine or an anthracycline,
DNA damage would be further enhanced, resulting in an additive/
synergistic cytotoxic effect. Particularly the TH1579/doxorubicin com-
bination showed strong synergy in human primary AML samples,
explained by increased ROS levels and DNA damage (Centio and
colleagues, personal communication). Further studies to fully under-
stand the underlying mechanisms of the various beneficial combina-
tions are needed and outside the scope of the work presented here. Thus,
TH1579 treatment has potential to not only work as a monotherapy but
also further improve efficacy of standard-of-care therapies in AML.

In conclusion, the preclinical data presented here support that
TH1579 is a promising novel anticancer agent for AML and provide
a rational to investigate the clinical usefulness of TH1579 (karonudib)
in AML in the ongoing clinical phase I trial.
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