Theranostics 2021, Vol. 11, Issue 17 8350
TJTJH IVYSPRING

vg INTERNATIONAL PUBLISHER

“Thevanostics

2021; 11(17): 8350-8361. doi: 10.7150/ thno.51456
Research Paper

Ligase | is a predictor of platinum resistance and its
blockade is synthetically lethal in XRCCI deficient
epithelial ovarian cancers

Reem Ali"", Muslim Alabdullah'?", Mashael Algethami'#, Adel Alblihyl3#, Islam Miligy2, Ahmed Shogqafi?,
Katia A. Mesquital, Tarek Abdel-Fatah? Stephen YT Chan?, Pei Wen Chiang?, Nigel P Mongan®7, Emad A
Rakha?, Alan E Tomkinsons, Srinivasan Madhusudan®4*

Nottingham Biodiscovery Institute, School of Medicine, University of Nottingham, University Park, Nottingham NG7 3RD, UK.

Department of Pathology, Division of Cancer and Stem Cells, School of Medicine, University of Nottingham, Nottingham NG51PB, UK.

Medical Center, King Fahad Security College (KFSC), Riyadh 11461, Saudi Arabia.

Department of Oncology, Nottingham University Hospitals, City Hospital Campus, Nottingham NG5 1PB, UK.

Department of Obstetrics & Gynaecology, Queens Medical Centre, Nottingham University Hospitals, Nottingham NG7 2UH, UK.

Faculty of Medicine and Health Sciences, Centre for Cancer Sciences, University of Nottingham, Sutton Bonington Campus, Sutton Bonington,
Leicestershire LE12 5RD, UK

Department of Pharmacology, Weill Cornell Medicine, New York, NY, 10065, USA

Department of Internal Medicine, Division of Molecular Medicine, Health Sciences Center, The University of New Mexico, Albuquerque, NM 87102, USA.

S

® N

* Joint first authors
# Joint second authors

P4 Corresponding author: Professor Srinivasan Madhusudan, Nottingham Biodiscovery Institute, School of Medicine, University of Nottingham, University
Park, Nottingham NG7 3RD, UK. Telephone: +44(0)115 823 1850, Fax: +44(0)115 823 1849, E-Mail: srinivasan.madhusudan@nottingham.ac.uk

© The author(s). This is an open access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/).
See http:/ /ivyspring.com/terms for full terms and conditions.

Received: 2020.08.03; Accepted: 2021.06.04; Published: 2021.07.25

Abstract

Rationale: The human ligases (LIGI, LIG3 and LIG4) are essential for the maintenance of genomic
integrity by catalysing the formation of phosphodiester bonds between adjacent 5'-phosphoryl and
3'-hydroxyl termini at single and double strand breaks in duplex DNA molecules generated either directly
by DNA damage or during replication, recombination, and DNA repair. Whether LIGI, LIG3 and LIG4
can influence ovarian cancer pathogenesis and therapeutics is largely unknown.

Methods: We investigated LIGI, LIG3 and LIG4 expression in clinical cohorts of epithelial ovarian
cancers [protein level (n=525) and transcriptional level (n=1075)] and correlated to clinicopathological
features and survival outcomes. Pre-clinically, platinum sensitivity was investigated in LIG] depleted
ovarian cancer cells. A small molecule inhibitor of LIGI (L82) was tested for synthetic lethality application
in XRCCI1, BRCA2 or ATM deficient cancer cells.

Results: LIG1 and LIG3 overexpression linked with aggressive phenotypes, platinum resistance and poor
progression free survival (PFS). In contrast, LIG4 deficiency was associated with platinum resistance and
worse PFS. In a multivariate analysis, LIG] was independently associated with adverse outcome. In
ovarian cancer cell lines, LIGI depletion increased platinum cytotoxicity. L82 monotherapy was
synthetically lethal in XRCCI deficient ovarian cancer cells and 3D-spheroids. Increased cytotoxicity was
linked with accumulation of DNA double strand breaks (DSBs), S-phase cell cycle arrest and increased
apoptotic cells. L82 was also selectively toxic in BRCA2 deficient or ATM deficient cancer cells and
3D-spheroids.

Conclusions: We provide evidence that LIGI is an attractive target for personalization of ovarian
cancer therapy.

Key words: Ovarian cancer; DNA repair; LIG1; LIG3; LIG4; LIG1 inhibitor; Prognostics; Predictive bimarker;
Synthetic lethality
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Introduction

PARP inhibitor (Niraparib, Olaparib, Rucaparib)
maintenance therapy improves progression free
survival in BRCA germ-line deficient and platinum
sensitive sporadic epithelial ovarian cancers [1-3].
However, PARP maintenance therapy is beneficial
only in about 50% of patients. Intrinsic or acquired
resistance to PARP inhibitors is a considerable clinical
challenge [4, 5] and the development of alternative
synthetic lethality approaches is urgently required.

DNA ligases encoded by the human genes LIG1,
LIG3, and LIG4 are nucleotidyl transferases (NTases)
that catalyse phosphodiester bond formation in an
ATP-dependent mechanism [6]. These enzymes,
which share a related catalytic core composed of an
NTase domain, OB-fold domain and an N-terminal
DNA-binding domain (DBD) [7], have multiple
overlapping  roles in  nuclear  replication,
recombination and DNA repair [7-9]. In contrast,
DNA joining function in mitochondrial DNA
metabolism is due to a single DNA ligase species
encoded by the LIG3 gene [8, 10-13].

During DNA replication, DNA ligase I (LIG1) is
the major enzyme joining Okazaki fragments
although it appears that DNA ligase Illa (LIG3a) is
able to fulfil this role in LIG1-deficient cells. There is
also functionally redundancy between these enzymes
in excision repair, single strand break repair and
alternative end joining [9]. The participation of LIG1
in DNA replication and repair is mediated by
protein-protein interactions with different partners,
proliferating cell nuclear antigen (PCNA), replication
factor C, hRad9-hRad1l-hHusl (9-1-1) complex and
DNA polymerase [ that mostly involve the
non-catalytic N-terminal region of LIGl [8]. In
addition to its catalytic core, LIG3a has an N-terminal
zinc-finger domain which serves as a nick sensor and
a C-terminal BRCT (breast and ovarian cancer
susceptibility protein 1) domain that stably interacts
with XRCC1, a key scaffolding protein that binds to
multiple DNA repair enzymes. DNA ligase IV (LIG4)
also functions in a stable complex with a DNA repair
protein, XRCC4, but, unlike the other nuclear DNA
ligases, its role is limited to the repair of DNA double
strand breaks by non-homologous end joining (NHE])
together with the DNA dependent protein kinase and
XLF.

Inherited human LIG1- and LIG4- deficiency
syndromes have been described. The symptoms
associated with LIG1 deficiency include retarded
growth and development as well as an unexplained
immunodeficiency. At  the  cellular level,
LIG1-deficiency results in abnormal Okazaki
fragment processing and hypersensitivity to DNA
alkylating agents. Human LIG4 deficiency also causes

immunodeficiency but here it is due the role of LIG4
in immunoglobulin gene rearrangement as well as a
predisposition to cancer [14]. LIG4 deficient cells are
sensitive to ionizing radiation due to a defect in the
repair of DSBs by NHE] [15]. To date, no
LIG3a-deficient individuals have been identified,
presumably because of the essential, unique function
of LIG3a in mitochondrial DNA metabolism.

Altered expression of the human DNA ligases
has been observed in cancers. While elevated
expression of LIG1 is frequently observed in cancer
cell lines, this has been assumed to reflect the
hyperproliferative state of cancer cells since LIG1
expression correlates with proliferation [6]. Abnormal
Wnt signalling results in increased expression of
LIG4, conferring radioresistance in Wnt-driven
cancers. Conversely, cancer cells with reduced
expression of LIG4 and a reciprocal increase in LIG3a
expression exhibit an increased dependence on
alternative end-joining for DSB repair and sensitivity
to PARP and LIG3 inhibitors [8]. Given the key roles
played by LIG1, LIG3 and LIG4 in genomic integrity
[8] and the response of cancer cells to therapy, we
investigated their role in ovarian cancer pathology
and potential as novel therapeutic targets.

Materials and Methods

Full details are available in Supplementary
material and methods.

Clinical study

LIG1, LIG3, LIG4, XRCC1l immunohisto-
chemistry was completed in 525 patients with
histologically confirmed ovarian cancer and treated
from 1997 to 2010 at Nottingham University Hospitals
(NUH). This study was carried out in accordance with
the declaration of The Helsinki and ethical approval
which was obtained from the Nottingham Research
Ethics Committee (REC Approval Number 06/0Q240/
153). All patients provided written informed consent.
See supplementary methods for full details.

Predictive and prognostic significance of LIGI,
LIG3 and LIG4 mRNA expression mRNA expression
was investigated in publicly available ovarian tumour
gene expression data sets (http://kmplot.com/
analysis/index.php?p=service&cancer=ovar)[16]. A
total of 1075 Serous cystadenocarcinomas were
included in this analysis.

Pre-clinical study

A2780, A2780cis, PEO1 and PEO4 were
purchased from American Type Culture Collection
(ATCC, Manassas, USA). XRCCl-deficient HelLa
SilenciX cells, BRCA2-deficient HeLa SilenciX cells,
ATM-deficient HelLa SilenciX cells and controls
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XRCC1, BRCA2 or ATM -proficient HelLa SilenciX
cells were purchased from Tebu-Bio (www.tebu-
bio.com).

Methodology for transient knockdown of LIG1
and generation of XRCC1 knock out using
CRISPR-cas9 system are described in supplementary
methods.

Compounds, reagents, clonogenic assays, cell
proliferation assays, confocal microscopy, immuno-
precipitation, functional assays (FACS, cell cycle
progression, apoptosis assays), 3D-spheroid assays,
exome sequencing and bioinformatics are described in
supplementary methods.

Results

LIG1, LIG3 and LIG4 expression profiling in
epithelial ovarian cancers: We initially evaluated
LIG1, LIG3 and LIG4 expression at protein and
transcriptional level in clinical cohorts of epithelial
ovarian cancers. Patients’ demographics are
summarized in Table S1.

A total of 442 tumours were suitable for analysis
of LIG1 nuclear expression. We did not observe any
cytoplasmic staining for LIG1 (Figure 1A-D). 207 /442
(46.8%) tumours were low for LIG1 expression and
234 (53.2%) of the tumours were high in expression.
High nuclear LIG1 was significantly associated with
serous carcinoma (p < 0.0001), higher FIGO stage at
presentation (p <0.0001), higher tumour grade
(p <0.0001), sub-optimal debulking (p = 0.004) and
residual tumour following surgery (p = 0.014)
compared to tumours with low LIG1 expression.
Tumours with high LIG1 nuclear expression were
likely to be platinum resistance although this was
non-significant (p =0.063) (Table 1). Patients whose
tumours had high LIG1 nuclear expression had
significantly poorer progression free survival (PFS)
(p=0.001) (Figure 1E) and overall survival (OS)
(p=0.037) (Figure 1F) compared patients with low
LIG1 nuclear expressing tumours. At the
transcriptional level, similarly, high LIGI mRNA was
associated with poor PFS (p = 0.029) (Figure S1A) and
OS (p = 0.019) (Figure S1B).

A total of 418 tumours were suitable for analysis
of LIG3 expression. We observed both cytoplasmic
and nuclear expression of LIG3 (Figure 1G-]). Low
cytoplasmic LIG3 was seen in 221/418 (52.9%)
tumours and high cytoplasmic LIG3 was observed in
197/418 (47.1%) of the tumours. Low nuclear LIG3
was seen in 219/418 (52.4%) of the tumours and
199/418 (47.6%) of tumours had high nuclear
expression. We initially investigated cytoplasmic or
nuclear expression individually. High cytoplasmic
expression was significantly associated with higher
FIGO stage of cancer (p=0.002), higher histology

grade (p = 0.028), residual tumour following surgery
(p = 0.001), measurable disease before chemotherapy
(p= 0.006), platinum resistance (p = 0.025) (Table S2),
PFS (p <0.0001) (Figure 1K) and OS (p <0.00001)
(Figure 1L). High nuclear staining was significantly
associated with serous type carcinoma (p =0.017)
(Table S3). Nuclear LIG3 expression did not
significantly influence PFS (p = 0.418) (Figure S1C) or
OS (p =0.450) (Figure S1D). When cytoplasmic and
nuclear expression was combined, we observed that
tumours with high cytoplasmic/low nuclear LIG3
co-expression had worse PFS (Figure S2A) and worse
OS (Figure S2B) compared to tumours with low
cytoplasmic/low nuclear LIG3 co-expression. At the
transcriptional level, high LIG3 mRNA was associated
with significantly poor PFS (p =0.023) (Figure S2C)
but not with OS (p = 0.11) (Figure S2D).

Table 1: LIGI nuclear protein expression and epithelial ovarian
cancers.

Parameter Low nuclear High nuclear P-Value
LIG1 N(%) LIG1 N(%)

Pathological Type <0.0001

Serous 80 (32.5) 166 (67.5)

Mucinous 37(71.2) 15 (28.8)

Endometrioid 49 (70.0) 21 (30.0)

Clear cell carcinoma 23 (65.7) 12 (34.3)

Mixed 8 (47.1) 9 (52.9)

Others 7 (46.7) 8 (53.3)

FIGO Stage <0.0001

I 96 (61.5) 60 (38.5)

i| 33 (48.5) 35 (51.5)

11 62 (35.4) 113 (64.6)

v 7(29.2) 17 (70.8)

Tumour Grade <0.0001

Gl 34 (63.0) 20 (37.0)

G2 45 (61.6) 28 (38.4)

G3 99 (38.7) 157 (61.3)

Surgical Optimal Debulking 0.004

Optimally Debulked 162 (50.9) 156 (49.1)

Not Optimally Debulked 31 (34.1) 60 (65.9)

Residual Tumour 0.014

None/Microscopic/<lem 153 (50.7) 149 (49.3)

1-2cm / >2cm 39 (36.8) 67 (63.2)

Measurable Disease Before 0.011

Chemotherapy

Non- measurable 140 (52.0) 129 (48.0)

Measurable 50 (38.5) 80 (61.5)

Platinum sensitivity 0.063

Sensitive 155 (48.9) 162 (51.1)

Resistant 24 (36.4) 42 (63.6)

A total of 374 tumours were suitable for analysis
of LIG4 nuclear expression. We did not observe any
cytoplasmic staining for LIG4 (Figure 1M-P). Low
nuclear LIG4 was seen in 260/374 (69.5%) tumours
and 114/374 (30.5%) of the tumours had high LIG4
nuclear expression. Low nuclear LIG4 was
significantly associated with larger residual tumours
(p=0.006), poor response to platinum-based
chemotherapy (p =0.049) (Table S4), poor PFS
(p=0.041) (Figure 1Q) and poor OS (p=0.016)
(Figure 1R) compared with high nuclear LIG4
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expressing tumours. At the transcriptional level, low
LIG4 mRNA was non-significant for poor PFS
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Figure 1. Expression of LIG1by immunohistochemistry in tissue microarray images. A) Negative LIG1 staining in normal ovarian tissue, B) weak nuclear LIGI staining in tumor,
C) moderate nuclear LIG1 staining staining in tumor, D) strong nuclear LIG1 staining staining in tumor. All images were captured at 20-times magnifications. (E)Kaplan Meier
curves for LIGI nuclear expression and progression free survival (PFS). (F) Kaplan Meier curves for LIGInuclear expression and overall survival (OS). Expression of LIG3 by
immunohistochemistry in tissue microarray images. G) Negative LIG3 staining in normal ovarian tissue, H) weak LIG3 staining in tumor, 1) moderate LIG3 in tumor, J) strong
LIG3 staining in tumor. All images were captured at 20-times magnifications. (K) Kaplan Meier curves for LIG3 cytoplasmic expression alone and progression free survival (PFS).
(L) Kaplan Meier curves for LIG3 cytoplasmic expression alone and overall survival (OS). Expression of LIG4 by immunohistochemistry in tissue microarray images. M) Negative
LIG4 staining in normal ovarian tissue, N) weak LIG4 staining in tumor, O) moderate LIG4 staining in tumor and P) strong LIG4 staining in tumor. All images were captured at
20-times magnifications. (Q) Kaplan Meier curves for LIG4 nuclear expression and progression free survival (PFS). (R) Kaplan Meier curves for LIG4 nuclear expression and

overall survival (OS). All p-val

ues were generated by log-rank.
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Multivariate analysis: LIG1, LIG3 and LIG4 We proceeded to pre-clinical evaluation of LIG1 in
protein expressions were investigated in a Cox  ovarian cancer cells.
multivariate model (Table S5). High nuclear LIG1 LIG1 depletion promotes platinum sensitivity:
expression remained independently associated with ~ We conducted pre-clinical studies of LIG1 in platinum
poor PFS (p =0.001) as well as poor OS (p =0.029). sensitive (A2780, PEO1, Figure 2A) and platinum
Although high cytoplasmic LIG3 influenced PFS  resistant (A2780cis, PEO4, Figure 2A) ovarian cancer
(p=0.045), it did not influence OS (p=0.167). LIG4 was  cell lines. At baseline, LIG1 protein expression was
not an independent predictive or prognostic marker. high in A2780cis and PEO4 cells (Figure 2B-C). To

Given the independent significance of LIG1, we  evaluate if LIG1 expression is induced after cisplatin
also conducted sub-group analysis in platinum  treatment, we generated whole cell extracts at baseline,
sensitive and resistant ovarian cancer (Figure S4). As 24 hours, and 48 hours of cisplatin therapy. As shown
shown in Figure S4A-B, LIG1 predicted PFS and in Figure 2D-G, there was an increase in LIG1 levels at
associated with OS in the platinum sensitive group. 48 hours in both A2780 and A2780cis cell lines

compared to untreated cells (Figure 2D-G).
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Figure 2. (A) Clonogenic survival assay for A2780, A2780cis, PEO1&PEO4 cells in different doses of cisplatin. (B) Western blot for LIG] expression in A2780, A2780cis,
PEO1&PEO4 cells. (C) Quantification of LIG1protein levels is shown here. (D) Western blot for LIG1 protein levels in A2780 cells treated with Cisplatin (5 uM) Lysates were
collected at 24 and 48 hrs post treatment. (E) Quantification of LIG1 protein levels by western blot in A2780 cells treated with Cisplatin. (H) Western blot for LIGI knockdown
in A2780 cells. Cells were plated in T25 flasks overnight and transfected with scrambled control or LIG1 siRNA. Transfection efficiency was confirmed by western blotting at day3
and day 5. Figures are representative of 3 or more independent experiments. (I) Clonogenic survival assay for Cisplatin sensitivity in A2780 control and LIG1 knock down (p-value
was calculated as an average across control and KD cell line). (J) Quantification of yYH2AX positive cells by flow cytometry in A2780 cells control and LIG1_ knock down treated
with 5pM cisplatin for 24 h. (K) Cell cycle analysis by flow cytometry in A2780 cells control and LIG1_ knockdown treated with5 uM cisplatin. (L) AnnexinV analysis for apoptotic
cells in A2780 cells control and LIG1_ knock down treated with5 uM cisplatin. (M) LIG1 knock down by siRNA in A2780cis cells. (N) Clonogenic survival assay for Cisplatin
sensitivity in A2780cis control and LIGI knock down. (O) Western blot for LIG1 protein levels in A2780cis cells treated with Cisplatin (5 1M). Lysates were collected at 24 and
48 hrs post treatment. (N) Quantification of LIGI protein levels by western blot in A2780cis cells treated with Cisplatin. (O) Quantification of yH2AX positive cells by flow
cytometry in A2780cis cells control and LIG1_ knock down treated with 5uM cisplatin for 24 h. (P) Cell cycle analysis by flow cytometry in A2780cis cells control and LIGI_
knockdown treated with5 UM cisplatin. (Q) Annexin V analysis for apoptotic cells in A2780cis cells control and LIGI_ knock down treated with5 UM cisplatin. cells were seeded
overnight transfected with scrambled control or LIG1 siRNA. At day 3 controls and knockdown cells were re platted in 6-well plates overnight and treated with 5 uM cisplatin
and analyzed by flow cytometry on day 5. Figures are representative of 3 or more independent experiments. Error bars represents standard error of mean (SEM) between
experiments. ¥ = P - values < 0.05, ** = P- values < 0.01.
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The data suggests LIG1 may influence platinum
sensitivity and is induced after platinum therapy in
ovarian cancer cells. In A2780 cells, when LIG1 was
transiently depleted using siRNA (Figure 2H), we
observed substantial sensitization to platinum
therapy compared to scrambled controls as evaluated
by clonogenic assays (Figure 2I). Increased sensitivity
was associated with accumulation of DNA double
strand breaks (DSB) (Figure 2J, Figure S5A-D),
increased p-ATM & p-Chkl level (Figure S6A-D),
S-phase cell cycle arrest (Figure 2K, Figure S5E-H) and
increased apoptotic cells (Figure 2L, Figure S5I-L). We
then validated using another siRNA construct. As
shown in Figure S6E-F, LIG1 depletion increased
platinum sensitivity compared to scrambled control.
To evaluate whether LIG1 depletion could reverse
platinum resistance we depleted LIG1 A2780cis cells
(Figure 2M) and observed substantial re-sensitization
to platinum therapy (Figure 2N) which was also
associated with DSB accumulation (Figure 20),
increased p-ATM & p-Chkl level (Figure S6B-D),
S-phase cell cycle arrest (Figure 2P) and increased
apoptotic cells (Figure 2Q). The data provides
evidence that LIG1 depletion not only enhances
platinum sensitivity but can also reverse platinum
resistance in ovarian cancer cells. Taken together, the
pre-clinical and clinical data provides evidence that
LIG1 is a predictor of response to platinum therapy in
ovarian cancers.

Bioinformatics  analysis of the LIG1
interactome: Inherited human LIG1 deficiency
syndromes have been described. We performed next
generation exome sequencing (NGS) in A2780,
A2780cis, PEO1 and PEO4. The full NGS data has
been uploaded and is available at https://www
.ncbinlm.nih.gov/sra/PRJNA731652. No coding
variants of LIG1 were identified in platinum sensitive
A2780 & PEO1, or in A2780cis & PE04 platinum
resistant derivatives. We next assessed the mutation
status of all genes ascribed to LIG1 associated DNA
replication  (has03030), base excision repair
(hsa03410), nucleotide excision repair (hsa03420) and
mismatch repair (hsa03430) KEGG pathways. Of the
93 genes involved in these LIG1-associated pathways
(Table S6), coding variants including frameshift, stop
gain and substitution variants were identified in the
genes encoding APEX2, EXO1, LIG3, PARP3, POLA1,
POLB, POLD1, POLE, RPA2 (Figure 3A).

To evaluate for any physical interaction between
LIG1 and a panel DNA repair proteins (LIG3, POLB,
FEN1, RPA, XRCC1) involved in the LIG1 associated
pathways (Figure 3A), we conducted co-immuno-
precipitation studies. Cell lysates were first incubated
with LIG1 antibody, then conjugated to protein A /G
magnetic beads, washed, eluted and western blotted

for LIG3, POLB, FEN1, RPA and XRCC1 detection. As
shown in Figure 3B, we observed that LIG1 physically
associated with RPA1, FEN1 and XRCC1. Moreover,
the expression of FEN1, RPA1 and XRCC1 was higher
in A2780cis and PEO4 lysates compared to A2780 and
PEOL1 lysates. We have previously shown that FEN1
[17], RPA1 (manuscript under preparation) and
XRCC1 [18] are key predictor of platinum resistance
in ovarian cancers. The data suggest that the LIG1
functional interactome may contribute to platinum
resistance either directly or indirectly through
interactions with other factors, such as XRCC1,
involved in processing platinum induced DNA
damage. We evaluated the clinical significance of
XRCC1 and LIG1 protein co-expression in human
ovarian cancers. As shown in Figure 3C, patients
whose tumours had high LIG1/high XRCC1 had
worse PFS after platinum-based chemotherapy
compared to patients whose tumours had low
LIG1/low XRCC1 co-expression. Similarly, OS was
poor in patients whose tumours had high LIG1/high
XRCC1 compared to patients whose tumours had low
LIG1/low XRCC1 co-expression (Figure 3D). Taken
together, the data implies that LIG1 blockade by small
molecule inhibitor could be a promising strategy in
XRCC1 deficient or proficient ovarian cancers.

LIG1 blockade is synthetically lethal in XRCC1
deficient cancer cells: A small molecule inhibitor
targeting LIG1 was generated as described previously
[6]. Briefly, computer-aided drug design was used to
screen a library of 1.5 million compounds to identify
compounds predicted to bind to a DNA binding
pocket within the DNA binding domain of LIGI,
thereby inhibiting DNA joining. Of the 192
candidates, ten compounds which inhibited purified
LIG1 were also counter screened against LIG3, LIG4,
in cell extract assays of DNA replication, base excision
repair and non-homologous end joining. L82 was
isolated as a specific uncompetitive inhibitor of LIG1
that stabilized complex formation between LIG1 and
nicked DNA with an ICsy of 12 + 2uM. L82
monotherapy was cytostatic and activated G1/S
checkpoint in cancer cells [6].

We first tested cytotoxicity of L82 monotherapy
in A2780 and A2780cis (Figure S6G). IC50 for cisplatin
cytotoxicity was 38uM for A2780 and 24mM for
A2780cis cells. In platinum resistant A2780cis cells,
Cisplatin + L82 combination therapy significantly
increased cytotoxicity (Figure S6H) implying that L82
is a platinum sensitizer. The data concurs with the
platinum sensitization observed in LIG1 depleted
ovarian cancer cells (Figure 2). We then proceeded to
test if LIG1 blockade via L82 monotherapy could be a
synthetic lethality strategy in DNA repair deficient
cancer cells.

http://lwww.thno.org



Theranostics 2021, Vol. 11, Issue 17 8356
FEN1 Processive s n}hesis - 5
elomere maintepance &
= N> _,nbﬁA strancrl el%n ation &
GG-NER / \\\\\‘ﬂ’j%‘?iyis?‘a DNA2 o ¢ &
RPA3 %s.“ Q\A - 1 Lﬁék‘"- /“ ) ap-ﬁlllng synthesis
RPA1 g7t St PV ’ ® RFC - J|XRcC1
= vv LA / o
RFC3 oX \ / POLL : —_
DNA repair A\ 1) \ \ 4 OPOLB g I b= v =|RrRPA1
0GG1 Q\}‘\ \\\‘ \ A ' ) DNA-dir-nol B exonuc = LIG3
e % o
Resolution of, ’\'-‘" / i POLA1 b= |
AP site Q\\ ' /i / EE
XRCC1 \ )
\ ; DNA-dir-DNA-pol_B 4 E Polf
RFC1 " DNA-pol_B_mulit-dom . e
SN \ \ a [ Bactin
RFC5 W, W I 51 ‘-—J
.\. == s ],. REV3L _ Lt
RFC2 4 = DroLos i.| e
Synthesls A \ 4 ; ﬁ T — .
of DNA ol 4' ) s . POLE § 2"4 S —— | L
FOLEZ 4‘ .1 \ 77 Extension of telomere 4
RPM ™ INFAT7\ N SN2 POLD4
DNA replicatio b \ i ‘“‘ g POLD2
e | # ‘177 POLD3
RROE sl “’g ,. T
b’npsm & oV LIG3
R QQ
apExz o© o / = h
° &° s Nl XRCC1-/LIG1 -
& o O £
& > s
v E
& o PARP3 s XRCC1-/LIGT +
3
[8)

0.0

XRCCA+/LIGT -

N

XRCC1+/LIGT +

i b
P=0.02

00

100 150

PFS

200 250

0 50 100 150

os

200 250

Figure 3. (A) LIGI is involved in DNA replication (has03030), base excision repair (hsa03410), nucleotide excision repair (hsa03420) and mismatch repair (hsa03430). We
assessed the mutation status of all 93 genes involved in these pathways (Supplemental Table S6). Coding variants including frameshift, stop gain and substitution variants were
identified in the genes encoding APEX2, EXOI, LIG3, PARP3, POLAI, POLB, POLDI, POLE, RPA2. The Genemania plugin for Cytoscape was used to generate a pathway map
identifying LIG1 and its functionally associated genes which harbor coding variants in Pt resistant A2780cis and PE04 cell lines. The protein nodes indicated in yellow cicles are
those LIGI interactors with variants associated with Pt resistance in these cell lines. No variants were identified in those variants shaded in grey circles. All nodes are scaled to
indicated connectedness, that it is to say the number of interactions identified. Inferred pathways are indicated as grey diamond. (B) LIG| co-immunoprecipitation with XRCCI
and RPA in A2780, A2780cis,PEOI. (C) Kaplan Meier curves for LIGI & XRCCI co-expression and PFS. (D) Kaplan Meier curves for LIG1 & XRCCI co-expression and OS.

In platinum sensitive sporadic or BRCA
germ-line deficient ovarian cancers, PARP inhibitor
(Niraparib, Olaparib, Rucaparib) maintenance
therapy has been shown to improve PFS in patients
[1-3]. We have previously shown that XRCC1, a key
scaffolding protein and a partner for LIG3 or LIG1 is a
key predictor of platinum sensitivity in ovarian cancer
[18]. We have also recently generated XRCC1 knock
out (KO) A2780 cells wusing CRISPR/Cas-9
methodology and demonstrated synthetic lethality
with PARP inhibitors such as Olaparib and
Talazoparib [19]. To evaluate whether LIG1 inhibition
is synthetically lethal in XRCC1 deficient cells, we
tested L82 in a panel of cancer cell lines. As shown in
Figure 4A, 182 was highly selectively toxic in
XRCC1_KO_A2780 cells compared to control cells.
Increased sensitivity to L82 in XRCC1_KO_A2780
cells resulted in increased in 53BP1 foci accumulation
(Figure 4B-C), YH2AX foci accumulation (Figure
4B-E), S-phase cell cycle arrest (Figure 4F) and

induction of apoptosis (Figure 4G). To recapitulate in
an in vivo system, we then generated 3D-spheroids of
XRCC1_KO_A2780 cells and control cells. Upon L82
treatment, in XRCC1-deficient A2780 spheroids, there
was an accumulation of apoptotic cells (Figure 4H-J)
as well as a reduction in spheroid size (Figure 4I)
compared to XRCCl1-proficient A2780 spheroids. For
additional validation, we validated L82 activity in
XRCC1 deficient and control HeLa cells (Figure S7A).
As expected, L82 was selectively toxic in Hela
XRCC1-deficient cells compared to control HeLa cells
(Figure S7B). Increased sensitivity was associated
with DSB accumulation (Figure S7C), S-phase arrest
(Figure S7D) and increased apoptotic cells (Figure
S7E). L82 was also selectively toxic in XRCCI-
deficient HeLa spheroids as evidenced by an
accumulation of apoptotic cells as well as a reduction
in spheroid size (Figure S7F-H) compared to
XRCC1-proficient HeLa spheroids.
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Figure 4: (A) Clonogenics survival assay for L82 sensitivity in A2780 control and A2780 (XRCCI_KO) (p-value was calculated as an average across control and KD cell line).
(B) Representative photo micrographic images for immunofluorescence staining of yH2AX and 53BP1 in A2780 control and A2780 (XRCC1_KO) cells treated with L82 (10 uM)
for 24 hrs. (C) Quantification of 53BP1 nuclear fluorescence by Image] software. (D) Quantification of yH2AX foci/cell by Image] software. Quantification of yH2AX positive cells
by flow cytometry (E), Cell cycle analysis by flow cytometry (F) & Annexin V analysis by flow cytometry (G) in A2780 control and A2780 (XRCCI1_KO) treated with L82 (10
UM) for 24 hrs. (H) Representative photomicrographic images of A2780 control and A2780 (XRCC1_KO) 3D-spheres treated with 10 uM of L82. (I) Quantification of spheroids
size by Image] software. (J) quantification of spheroids cell viability by flow cytometry. (K) Olaparib sensitivity in A2780_Control and A2780_XRCCI1_KO cells. (L) Cytotoxicity
of Olaparib + L82 combination in A2780_Control and A2780_XRCCI1_KO cells. Figures are representative of 3 or more experiments. Error bars represent standard error of
mean between experiments. ¥ = P-values < 0.05, ** = P-values < 0.01, *** = P-values < 0.001.

We then tested if Olaparib (PARP inhibitor) and
L82 would be a viable combination therapy. As
reported previously [19], Olaparib was selectively
toxic in XRCC1_KO cells (Figure 4K). We observed
significant selective toxicity when Olapraib (5uM) was
combined with increasing doses of L82 (Figure 4L).
Taken together, the data suggest that LIG1 specific
inhibitor monotherapy or in combination with PARP
inhibitor could be a novel synthetic lethality strategy
in XRCC1 deficient ovarian cancers.

Previous studies suggest a redundancy of LIG3
and LIG1 during DNA replication and repair
including BER. LIG3 has been shown to interact with
XRCC1. Therefore, we first tested LIG3 levels in LIG1
depleted ovarian cancer cells. As shown in Figure
S8A, we did not observe any increase in LIG3 protein
level in LIG1 deficient cells. We then tested a
previously isolated competitive small molecular

inhibitor of both LIG1 and LIG3 (L67) [6]. L67 has
been shown to be cytotoxic either alone or in
alkylating agent (MMS)[6]. Here we observed that L67
was selectively toxic in XRCC1 deficient cells at 5 pM
and 10 pM doses compared to control cells (Figure
S8B).

L82 is selectively toxic in BRCA2 or ATM
deficient Hela cells: To evaluate if L82 is also
selectively toxic in DSB repair deficient cancer cells,
we tested in BRCA2 deficient HeLa (Figure 5A) and
compared to controls. BRCA2 deficient cells were
sensitive to L82 treatment compared to control (Figure
5B). Similarly, ATM deficient HeLa cells (Figure
5C-D) were sensitive to L82 treatment compared to
control. Increased sensitivity in BRCA2 deficient cells
were associated with DSB accumulation (Figure 5E),
G2M cells cycle arrest (Figure 5F) and increased
apoptosis (Figure 5G). Increased sensitivity in ATM
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deficient cells were associated with DSB accumulation
(Figure 5E), G1 cells cycle arrest (Figure 5F) and
increased apoptosis (Figure 5G). Upon L82 treatment,
BRCA2-deficient or ATM deficient HeLa spheroids
accumulated apoptotic cells along with reduced
spheroid size (Figure 5H-J) compared to proficient
HeLa spheroids. We then tested L82 cytotoxicity in
PEO1 (BRCA2 deficient) and PEO4 (BRCA2
proficient) ovarian cancer cells. As shown in Figure
5K, L82 was selectively toxic in PEO1 cells compared
to PEO4 cells.

Discussion

The human ligases are essential for the
maintenance of genomic integrity [8]. LIGl is
involved in DNA replication, LP-BER, SSBR, NER and
alt-NHE]. LIG3 play important roles during SP-BER,
SSBR, NER, alt-NHE], mitochondrial DNA replication

and repair. LIG4 is a key player in NHE] [8]. This is
the first comprehensive study of LIG1, LIG3 and LIG4
in epithelial ovarian cancers.

In multivariate analyses LIG1 protein was
identified as independent marker of poor clinical
outcome. Polymorphic variants of LIG1 may influence
lung cancer, upper GI cancers [20] and head & neck
cancers [21]. Platinum induced intra-strand cross links
and oxidative DNA base lesions are repaired through
NER and LP-BER respectively. In previous studies,
increased levels of LIG1 have been observed in cancer
cells lines compared with normal cells, likely related
to increased proliferation [6]. We observed that
cisplatin treatment increased LIG1 protein levels in
ovarian cancer cells. When we depleted LIG1, we
observed increased platinum sensitivity implying that
LIG1 is predictor of platinum sensitivity.
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Figure 5: (A) western blot for BRCA2 knock down in Hela SilenciX cells. (B) Clonogenics survival assay for L82 sensitivity in HelLa control and HeLa (BRCA2_KD) cells
(p-value was calculated as an average across control and KD cell line). (C) western blot for ATM knockdown in Hela SilenciX cells. (D) Clonogenics survival assay for L82
sensitivity in Hela control and HelLa (ATM_KD) cells (p-value was calculated as an average across control and KD cell line). (E) Quantification of yH2AX positive cells by flow
cytometry in Hela control cells, HeLa (BRCA2_KD) and HelLa (ATM_KD) cells treated with L82 (10uM) for 24 h. (F) Cell cycle analysis by flow cytometry in Hela control cells,
Hela (BRCA2_KD) and HelLa (ATM_KD) cells treated with L82 (10uM) for 24 h. (G) AnnexinV analysis for apoptotic cells in HelLa control cells, HeLa (BRCA2_KD) and Hela
(ATM_KD) cells treated with L82 (10uM) for 24 h. (H) Representative photomicrographic images of Hela control, HeLa (BRCA2_KD) & HelLa (ATM_KD) 3D-spheres treated
with 10 uM of L82. (I) Quantification of spheroids size by Image] software. (J) quantification of spheroids cell viability by flow cytometry. (K) L82 sensitivity in PEO1 and PEO4
cells. Figures are representative of 3 or more experiments. Error bars represent standard error of mean between experiments. * = P-values < 0.05, **" = P-values < 0.01, “**¥

= P-values < 0.001.
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For LIG3 we observed both cytoplasmic and
nuclear staining. However, only cytoplasmic
overexpression of LIG3 was linked with poor
outcomes in patients. In addition, when cytoplasmic
and nuclear expression was combined, only tumours
with  high  cytoplasmic/low  nuclear  LIG3
co-expression had worse PFS and OS compared to
tumours with low cytoplasmic/low nuclear LIG3
co-expression. As LIG3 gene encodes three distinct
DNA ligase polypeptides (including nuclear LIG3a,
mitochondrial LIG3a and a germ cell-specific LIG3()
[8, 22], we speculate that the cytoplasmic expression
observed here may represent the mitochondrial form
of LIG3 [12, 13]. Platinum induced mitochondrial
DNA damage can promote cellular cytotoxicity [23].
Altered mitochondrial DNA repair [24] as well as
replication capacity [25] may influence response to
platinum therapy and increased mitochondrial LIG3
could contribute to platinum resistance [12, 13].
However, mechanistic studies will be required to
confirm the role of mitochondrial LIG3 in platinum
resistance in ovarian cancers.

In the current study low LIG4 expression
predicted resistance to platinum therapy and poor
survival. In nasopharyneal carcinomas, low LIG4
level was associated with worse survival [26].
Reduced LIG4 level has been described in cancer cell
lines [6]. LIG4 deficiency contributes to abnormal DSB
repair in chronic myeloid leukemia cells [27].
Germ-line mutation and inactivation of LIG4 has been
associated with cancer predisposition and clinical
immunodeficiency syndromes [14, 28]. LIG4 variants
may result in dysfunctional NHE] and single
nucleotide polymorphisms in LIG4 may be associated
with an increased risk of developing ovarian cancer
[29]. LIG4 genetic polymorphisms have also been
linked with breast cancer [30] and myeloma risk [31].
Our data suggests that LIG4 deficiency may promote
a ‘mutator phenotype’ leading on to aggressive
cancers. In a recent study McCormick et al
demonstrated defects in NHE] (which is independent
of HR function) in about 40% of ovarian cancer cells
which may be a predictor of resistance to PARP
inhibitor ~(PARPi) therapy [32]. In contrast,
homologous recombination deficiency (HRD) due to
genetic or epigenetic alterations in HR pathway genes
has been observed in up to 50% of epithelial ovarian
cancers and is related to sensitivity to platinum and
PARPi therapy. 53BP1 deficiency can activate HR
which in turn result in resistance to PARPi and
platinating agents [33]. It is likely that LIG4 deficiency
observed in the current study may reflect NHE]
defective tumours. As NHE] and HR compete for DSB
repair, we speculate that LIG4 loss will increase HR
resulting in resistance to platinum chemotherapy.

Detailed functional studies will be required to confirm
this hypothesis.

Human ligases have emerged as promising
targets for cancer therapy [34]. L82 is a specific small
molecule inhibitor of LIG1 [6]. L82 monotherapy in
MCEF?7 breast cancer cells was shown to be cytostatic
with activation G1/S checkpoint [6]. Here we show
that LIG1 blockade could be an attractive synthetic
lethality strategy in XRCC1 deficient cancer cells. We
speculate a synthetic lethality relationship exists
between XRCC1 and LIG1 for the following reasons;
1) XRCC1 is a key player in BER and SSBR. 2) XRCC1
also has well recognised roles during processing of
replication forks and replication stress. 3) XRCCl1
deficiency will lead to replication stress and
accumulation of SSBs. 4) LIG1 blockade induced
replication stress is amplified in XRCC1 deficient cells
because of the role of LIG3 as a back-up to LIGI in
DNA replication leading onto accumulation of SSB
which get converted to DSB during replication. 5)
Excessive DSB promote apoptotic cell death.
However, the detailed molecular mechanisms of the
role of LIG1 in ovarian cancer DNA repair are an area
of ongoing investigation and as such are a limitation
of the current study. We have recently shown that
PARP inhibitors (Olaparib, Talazoparib) induce
selective toxicity in XRCC1 deficient ovarian and
breast cancer cells. A recent study by Pillay et al. in
ovarian cancer cells has also revealed that the
response to DNA repair inhibitors such as those
targeting PARP or PARG may be dependent on DNA
replication vulnerabilities in ovarian cancer cells [35].
Taken together, our data would suggest that XRCC1
deficient tumors are selectively sensitive to DNA
repair inhibitors such as those targeting PARP or
LIGI1.

LIG1 blockade could also be a promising
alternative synthetic lethality strategy in BRCA2
deficient cells. BRCAZ2, besides its critical role in HRR
[36], also protects stalled replication forks through its
ability to stabilize RADS51 filaments [37]. We
speculated that in BRCA2 deficient cells that
accumulate replication fork intermediates, LIG1
blockade would result in the accumulation of toxic
DNA intermediates which get converted to DSBs
leading to apoptotic cell death. Moreover, LIG1
blockade will impair LP-BER and replication resulting
in accumulation of SSBs, which if unrepaired, result in
DSB generation. In cells deficient in homologous
recombination repair (HRR), DSBs would persist and
lead to synthetic lethality. Accordingly, in BRCA2
deficient we observed selective toxicity associated
with accumulation of DSBs, G2/M cell cycle arrest
and increased apoptosis. ATM is a key damage
signalling protein and critical for DSB repair [38].
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ATM deficient cells were also sensitive to LIG1
blocakde which was linked with DSB accumulation,
G1 cell cycle arrest and apoptosis. A limitation to the
study is that we have only tested synthetic lethality in
BRCA2 or ATM deficient HelLa cancer cell line
models. Further studies in BRCA2 or ATM deficient
ovarian cancer or breast cancer models will be
required to confirm our preliminary observations. In
the current study we have tested the potential of LIG1
inhibitors in cell line models only. Additional studies
in organoids as well as in vivo xenograft studies
including in patient derived models will be required
to validate our observations. Although we tested only
one available small molecular inhibitor of LIGI,
additional more potent LIG1 inhibitors will also need
to be isolated and evaluated to further validate our
observations.

In conclusion, the ‘proof of concept’ study
presented here suggests that LIG1 blockade is an
attractive strategy and pharmaceutical development
of LIG1 inhibitors is required to accelerate clinical
application.
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