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Abstract

Genomic instability is one of the most common antical characteristics of cancer cells.
The combined effect of replication stress and DN#indge repair defects associated with
various oncogenic events drives genomic instabditg the disease progression. However,
these DNA repair defects found in cancer cells edgo provide unique therapeutic
opportunities, which also form the basis of syrithletthal targeting of solid tumours carrying
BRCA mutations. While the idea of utilising syniiedethality as a therapy strategy has been
gaining momentum and progress in various solid wmsoits application in leukaemia still
largely lags behind. In this article, we will rewighe recent advances in understanding the
roles of DNA damage response in acute myeloid leoka (AML) and examine the potential

therapeutic avenues of using PARP inhibitors in AtvBatment.

Keywords. AML, PARPI, synthetic lethality, BRCA, MLL leukemia, AML1-ETO, APL,
PML-RARA, GSK3inhibitors, HOXA9, MEIS1, MLL



Introduction

Poly (ADP-ribose) polymerase (PARP) 1 and PARPiigd to the PARP protein
superfamily that catalyses the polymerisation ofPAfibose onto their target substrates using
oxidized nicotinamide adenine dinucleotide (NADas a co-substrate and releasing
nicotinamide as a by-product. This posttranslatiomedification often regulates the
conformation, stability and/or activity of the tetgd proteins 1). Therefore, PARP1 is
involved in a wide array of cellular processes magdgrom DNA repair, gene transcription
regulation to cell division. However, the best welllaracterised role of PARP1 is in single
stranded break (SSB) repair in the DNA damage respdDDR) pathway?2j. PARP1
initiates this process by detecting and bindinghes SSBs. Catalytic activity of PARP1 and
PARP?2 results in the PARsylation of PARP itself anskries of additional proteins involved
in DDR. The rationale of using PARP inhibitors (PRiRfor cancer treatment has previously
been suggested by studies from Ashworth's and ¢elle groups3, 4). This relies on their
abilities to selectively kill BRCA1 or BRCA2 mutatebreast or ovarian cancers with a
defective repair of double stranded breaks (DSBshdimologous recombination (HR9)(
Upon PARP inhibition, SSBs are continuously geregtdity endogenous oxidants, replication
and oncogenic stresses, and can no longer beeettigirepaired by the base excision repair
(BER) in which PARP1 and PARP2 play a key role. SSi&come DSBs as DNA
polymerases travel along the replication forks. iiarcells are able to repair the DSBs by
HR and survive. In contrast, HR-deficient BRCA1 BRCA2 mutated cancer cells
accumulate excessive DNA damages that are eitlatemued or repaired by the error-prone
non-homologous end-joining (NHEJ) pathways leadmgenomic instability and eventual
cell death {) (Figure 1). In addition, it has also been repadrthat certain PARPI can trap
PARP proteins onto DNA breaks which induces refibcafork collapses). Thus, the
concomitant inhibition of PARP activity in canceells with defective HR can induce
synthetic lethal conditions providing a potentibkriapeutic strategy for a wide range of

cancers including leukaemia.

Targeting cancer genomes by PARPI-induced synthetic lethality

With many PARPI currently being developed and tksteclinical trials, Lynparza
(olaparib) is the only FDA approved drug for treattnofBRCAL or BRAC2 mutated ovarian

cancer, and is at the most advanced stage of ¢argjeerapy for triple negative breast cancer



patients. In addition to BRCA mutated cancers thi@eapeutic potential of using PARPI also
extends to cancers bearing mutations affectingrdtég components of HR including ATM,
ATR, CHK1, RAD51 along with their homologues an@ tRANC family proteins. PARPI
was reported to have activity in cells defectiveseveral of these proteing)( While
mutations affecting classical HR genes can onlydeand in small subtypes of cancess, (
the continuous exploration of novel player in DNAanthge responses reveals an
unexpectedly critical function mediated by PTEN,eoof the most commonly mutated
tumour suppressors in human cancer. While cytop@®MEN antagonizes PI3K signalling
pathway for tumour suppression, nuclear PTEN regdledoy SUMOylation and ATM
phosphorylation mediates DNA repair upon exposaréRt or DNA damaging agent®)(
Cells lacking nuclear PTEN were hypersensitive téADdamage, and were susceptible to
killing by a combination of genotoxic stress an@HKinhibitors. While these findings may
extend the potential application of synthetic léthian a wider range of cancer subtypes,
PTEN and HR gene mutations can only be found iarg small fraction of AMLs g), which

is frequently driven by mutated transcription fastand epigenetic regulator¥0f. Given
the critical functions of transcriptional deregidatin acute leukaemogenesis, we and others
have speculated the potential application of syithkethality approach to target the

compromised DDR, resulted from aberrant transanmati networks, in the leukaemic cells

(8).

Targeting aberrant transcriptional programmes in leukaemia by PARPi-induced
synthetic lethality

There is compelling evidence that chimeric traqdmn factors found in AML result
in repression of one or several DDR pathways leatiingenomic instability. AML1-ETO,
which accounts for about 10% of adult AML, is fourladrepress a variety of genes involved
in DDR in particular proteins involved in BEROGGL, FEN1, MPG, POLD2) and HR
pathway ATM, RAD51, BRCAL) (11, 12) . These defects in DDR are accompanied with high
level of DNA damage characterised by ¢2AX and an increase in mutation frequencies
(11-15). Similarly, PML-RARu fusion in acute promyelocytic leukaemia (APL) egses a
large array of genes in DDR such as in the BERvpayhFENL1, LIG3, MPG OGG1), and
HR (RPA1, BRCA1, RAD51) (11, 16) . Studies from Zhong et al. also suggest that R$L
essential in multiple steps of HR7). Loss of PML impairs the recruitment of MRE11,
RPA1, BRCAL, and RAD51 to DNA damage foci, wherBd4L-RARa directly disrupts the



localisation and activity of BLM and PML. RAD51 pein levels were also downregulated
upon PML knockdown in another study, indicatingttR&ML might be required for RAD51
stability (18). Strikingly, PML counteracts HAUSP function in grdating PTEN
ubiquitinylation and nuclear localization via thagaptor protein DAXX that inhibits HAUSP-
mediated deubiquitinylation of PTENY). While PML promotes nuclear location of PTEN,
expression of PML-RAR fusion can suppress PML function and PTEN nudtezalization.

Using mouse primary transformed cells and humakalennic cells, we along with
others further demonstrated specific suppressiorHRf transcriptional programmes and
accumulation of excessive DNA damage in AML1-ETORWML-RARa leukaemic cells,
which were uniquely sensitive to PARPI treatmenthbm vitro and in vivo (14).
Consistently, Kasumi-1 cells expressing AML1-ETOrevdess sensitive to PARPI upon
AML1-ETO knockdown 20). Moreover, PARPi as a mono-therapy exhibitedrsjr
oncogenic suppression property of ATRA-resistant. ARlls bothin vitro andin vivo in a
xenograft model, extending the potential applicatcd PARPI for treatment resistant APL
(14). On the other hand, abberant suppression of @R mediators in leukaemia cells
may also be permissive for PARPi-induced leathalityhile PTEN mutations are not
common in AML, reduced expression of PTEN has begplicated in BCR-ABL induced
chronic myeloid leukiemia (CML) 21) and PTEN-deficient mice developed
myeloproliferative disorders and acute leukaeni22sZ3). PTEN was found to be important
for the expression of RAD5124). It was shown that PTEN-defficient cells are eriely
sensitive to PARPI providing the rationale for omgp studies of using PARPi in PTEN
defficient tumours 25, 26). On the other hand, Faroani et al. reported wuti@hle BRAC1
and BRAC2 protein expression and reduced expressRNA expression in primary AML
patient samples, suggesting BRCAness phenotypdadtranscriptional and/or translational
repression of BRCA1 and BRCA27). Moreover, a reduced BRCA1 expression due to
promoter hypermethylation was also reported inapgirelated AML cells that might be
sensitive to PARPIZB). Therefore, these findings provide a strongoratle to apply PARPI

for leukaemia treatment.

Combination therapy with PARPI for refractory AML

In addition to utilising PARPI as a monotherapyspecific AML subtype, there are
potential scopes of combining PARPI with other biturs for AML. As compared to



AML1-ETO or PML-RARu leukaemic cells, leukaemia driven by MLL fusiorofgins that
activate expression of HR genes in parti@XA9 are resistant to PARPI treatmeid), We
showed that modulation of HOXA9 transcription aityivcould synergize with PARPI in
targeting MLL rearranged leukaemia. SuppressionHoka9 by genetic approach or
inhibiting one of its co-regulators, glycogen syagh kinase 3 (GSK3) could sensitise MLL
rearranged leukaemic cells to PARPI treatment. Goation of GSKS3 inhibitor, LiCOs, and
PARPI could robustly suppress MLL-AF9 leukaemia arghificantly extended the disease
latency in both primary syngeneic mouse model andhgy human MLL leukaemia
xenotransplant model. Therefore simultaneouslyetang of PARP and the GSK3-HOXA9
axis can be a potential therapeutic approach to Mearranged leukaemia, which often
confers a poor prognosi$4). Similar principle can also be applied to BRCwfirient cells.
Cyclin D1 (CDK1) mediated phosphorylation of BRC&lessential for efficient DNA repair
foci formation @9). Application of CDK1 inhibitor supressed HR andduced PARPI

sensitivity in non—small-cell-lung cancer bathvitro andin vivo (29).

On the other hand, there are also indications Her gotential use of PARPi as a
chemotherapy sensitizer in leukaemia, although rtrechanisms are not well defined.
Falzacappa et al. reported that the combinatiolPARPi, Rucaparib, and conventional
chemotherapy agent, fluorouracil, was effectiv&iiling AML cells in vitro andin vivo (30).
Fluorouracil was shown to induced DNA damage argetteer with the repression of the
DDR by PARPI, the combination resulted in a sigifit increase in DNA damage leading to
cell cycle arrest and deatB0j. Similar observation was found using AML celldsexposed
to histone deacetylase (HDAC) inhibitors and PAR3). HDACs catalyse the removal of
acetyl groups from histone and other non-histongtepns altering gene expression and
protein stability/function 32). HDAC inhibitors were reported to sensitise cancells to
DNA damaging therapies such as irradiation andouarichemotherapeutics by altering
chromatin structure and down-regulating HR gei®8s34). Thus, it is perhaps unsurprising
that HDACs was found to synergise with PARPi in AMEIl linesin vitro leading to
significant increase ifH2AX upon combined treatment81( 35). Simultaneous targeting
cancers cells with temozolomide and PARPI have stewn successfullin vitro andin
vivo in a number of cancers including AMIBE-38). Temolozolomide has limited clinical
utility other than for neurological malignanciesdamelanoma. It alkylates or methylates
DNA, which most often occurs at the N-7 or O-6 fioss of guanine residues. The excision

of these N-methylpurines generates SSBs. PARP iwatich potentiates the effects of



temolozomide by inhibiting repair of these SSBs BER. Under the same paradigm, DNA
methyltransferases (DNMT) inhibitors (DNMTi) inclugy 5-azacytidine and 5-aza-2'-
deoxycytidine, have been reported to synergise WAKRPI, olaparib 39). While the
therapeutic mechanism of DNMT inhibitors in myelsgiastic syndrome (MDS) and AML
is thought to be in part mediated by their DNA démghkation activity resulting in
reactivation of silenced tumour suppressor gedA@sand induction of dsRNAs derived from
endogenous retroviral elements that triggers iaterf-dependent immune checkpoidd,(
42), Orta et al. showed that BER was crucial for gggping and repairing DNA lesions
induced by DNMTi. BER deficient cells were senstito 5-azacytidine and displayed an
increased amount of DNA single and double-straneks. PARP inhibition prevented
recruitment of XRCC1 to the damage sites and tbhezefompromised BER. Combining 5-
azacytidine and olaparib was found to cause syiotleghality in a number of AML cell lines
suggesting that PARP inhibitors can be used in @oation with 5-azacytidine to improve
treatment of MDS and AML patients.

Conclusions

PARPI alone or in combination with other treatmesi=sarly exhibit various efficacies
in targeting different subsets of leukaemia. Althlouhe majority of the trials focus on the
use of PARPI in solids tumours with BRCA mutatiossyeral clinical trials are currently
underway investigating the efficacy of PARPi in Kkaamia (Table 1), where BRCA
mutations are rare, which may in part explain anlymited number of PARPI clinical trials
in AML. The major challenge of using PARPi in AMLay come down to identifying
reliable biomarkers to predict the treatment respenwhich are largely determined by the
driver mutations in leukaemia cells. By dissecting molecular and transcriptional functions
of these driver mutations in AML, we and others daevealed that PARPi can be
particularly effective for treatment of leukaemradiuiced by certain oncogenic transcription
factors (such as AML1-ETO and PML-RAR which are classically intractable targets.
PARPI can also be used in combination with GSKIBgmotherapy or DNMTi to target MLL
rearranged or other leukaemias. However, given hierogeneity of the disease with
patients carrying various additional cooperativdatians, it is likely that degree of treatment
response to PARPI will vary between patients antiiwithe tumour itself. In addition, some
mutations may have opposing impacts on DDR, whiehlikely context dependent. For



example, FLT3-ITD, frequently found in AML has beesported to both induce DNA
damages by inducing production of radical oxygezcss 8) and promote HR via increased
expression of HR gened3, 44). It is critical to determine empirically the nfamisms and
impacts of these cooperative mutations on PARPsiBeirty in AML patients. On the other
hand, it is clear that PARPs have other diverseeoutér functions beyond DDR that may
also be critical for cancer survival and the obedrwsynthetic lethality. A better
understanding of the biological function of PARRsncer-driver mutations and their
potential interactions is critical for designingtee and effective cancer therapeutic strategies.
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Figure 1: Schematics of applying synthetic lethality in AML

Reactive oxygen species (ROS) or replication sitasses DNA single-strand breaks (SSBs)
that are normally repaired by base excision refBER). PARP inhibitors block BER

pathway, leading SSBs to become double-strand br28Bs) as DNA polymerase moves
along the replication forks. In normal cells, hoogus recombination can repair these

breaks. However, cancer cells with mutations andecaptional repression of HR genes (i.e.



BRCAL1 or BRCA2) are unable to efficiently repaireie damages leading to genomic

instability and eventual cell death.
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» Synthetic letha targeting of cancer genomes by PARP inhibitors (PARPI)

» Targeting aberrant transcription programmes by PARPI-induced synthetic lethality
» Potential use of PARPi as monotherapy in AML

* PARPI in combination with other agentsin AML



