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Genomic scarring score predicts the
response to PARP inhibitors in non-small
cell lung cancer

Check for updates
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Georgina Zachou6, Giannis Vatsellas 7, Vassilis Georgoulias6, Athanasios Kotsakis8 &
Apostolos Klinakis 1

PARP inhibitors (PARPi) have shown efficacy in tumours harbouring mutations in homologous
recombination repair (HRR) genes. SomaticHRRmutations have been described in patientswithNon-
Small Cell LungCancer (NSCLC), butPARP inhibitors (PARPi) are not yet a therapeutic option.Herewe
assessed the homologous recombination status of early-stage NSCLC and explored the therapeutic
benefit of PARPi in preclinical models. The Genomic Scarring Score GSS (GSS) and HRR mutation
profile of 136 patients were assessed. High GSS (h-GSS) was observed in 39 (28.7%) patients half of
which carried pathogenic/likely pathogenic somatic HRR mutations. TP53 mutations were
significantly enriched in h-GSS tumours (p < 0.001). Olaparib significantly delayed tumour growth in
h-GSSbut not l-GSSPatient-derived Xenografts (PDXs), while patientswith h-GSS/TP53mut tumours
respond favourably to adjuvantplatinum-basedchemotherapy.Our functional data clearly support the
idea that the use of GSS rather than the mutational status of HRR genes could select patients for
administration of PARPi.

Double strand breaks (DSBs) are considered the most dangerous DNA
lesions in proliferating cells. Different mechanisms with variable fidelity
mediate DSB repair. Homologous recombination (HR), occurring exclu-
sively in cells that have duplicated their DNA, is the non-error-prone
mechanism of DSB repair. BRCA1 and BRCA2 genes encode critical com-
ponents of the HR repair machinery, while inactivating mutations or allelic
loss lead to HR deficiency (HRD)1. Cells lacking BRCA1/2 activity are
sensitive to poly(ADP-ribose) polymerase (PARP1/2) inhibition2,3. These
findings exposed a therapeutic vulnerability and led to the development of
PARP1/2 inhibitors (PARPi) which trap the PARP proteins in the DNA by
forming PARP-DNA complexes. These complexes act as physical blocks in
DSB repair, leading to replication fork stalling and collapse, and eventually
unrepaired lesions and cell death.

Since the original demonstration that women with germline
mutations in BRCA1 and BRCA2 are at risk of developing ovarian and

breast cancer, the FDA approved the therapeutic use of PARPi for
patients with breast and ovarian cancer and, more recently, in patients
with prostate and pancreatic cancer harbouring BRCA1/BRCA2 gene
mutations4–7. In addition to BRCA1 and BRCA2 loss, HRD can be the
result of mutation or biallelic loss of other HR components across
tumour types8. The complexity of HRD genetics has led to the devel-
opment of surrogate markers for HRD, either functionally monitoring
the activity of the HRmachinery through quantitation of the HRmarker
RAD519 or by assessing the result of HRD in the genome through next-
generation sequencing. In fact, next-generation sequencing assessing loss
of heterozygosity (LOH), telomeric-allelic imbalance (TAI) and large-
scale state transitions (LST) leads to measurable indicators of genomic
instability, the genomic scarring score (GSS), which can be used to assess
HRD. A published meta-analysis of existing data from 8847 cases across
33 cancer types (including non-small cell lung cancer-NSCLC) revealed
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that 18% had a positive HRD score (GSS > 42)10, but of those, only 4%
carried deleterious mutations in either BRCA1 or BRCA2 and only 26%
carried deleterious mutations in other HRR genes11. In the same study,
positive HRD scores were detected in 51% of primary lung squamous cell
carcinoma (LUSC) and 35.8% of primary lung adenocarcinoma (LUAD)
but again, only in about 40% of the tumours could this high GSS be
attributed to deleterious HRR gene mutations. Other studies have indi-
cated high GSS (h-GSS) scores ranging from 18.7% to 66% for advanced
NSCLC12,13, whereas another study reports an association of high GSS
and loss-of-function mutations in several tumour suppressor genes,
including TP53, LRP1B and CDKN2A, supporting the notion that HRD
could be driven by non-HRR gene mutations. Conversely, mutations in
oncogenes were more prevalent in the low GSS subpopulation14.

A recently published randomized placebo-controlled phase II study of
maintenance of the PARPi olaparib in stage IV NSCLC patients, who
achieved disease control with front-line platinum-based chemotherapy
(PIN trial), demonstrated a numerically greater but not statistically sig-
nificantPFS in favour of the olaparib group; althoughpatient enrolmentwas
based only on their clinical responsiveness to platinum-based chemother-
apy, a subgroup analysis revealed a significant benefit in smoker patients
treated with olaparib suggesting that this should be attributed to HRD-
related genetic alterations15.

In the current study, we sought to assess the HRD status of early-stage
NSCLC tumours based on the GSS score. The use of surgical material, only
available for early-stage operable NSCLC, allows the establishment of
patient-derived xenografts (PDXs), which we have used as a model to
functionally investigate the efficacy of PARPi. PDX with h-GSS showed a
lower RAD51 foci count upon damage induction and a favourable response
to olaparib independently of the presence of HRR gene alterations, indi-
cating thatGSS can be used as a predictive biomarker for PARPi response to
better stratify NSCLC patients for treatment with PARPi.

Results
Genomic scarring score and HRR gene mutations
Thirty-nine (28.7%) patients were found to have a high GSS (50 and
higher, h-GSS) and 97 a low score (ranging from 0 to 49; l-GSS) (Fig. 1A).

Among patients with h-GSS and l-GSS, 30 (76.9%) had a score >70 and
66 (68%) a score <10, respectively (p < 0.001; Fig. 1B). There was no
correlation between the histologic subtypes, the disease stage and the
smoking status and the high or low GSS. HRR variants (both P/LP and
VUS) were identified in 18/39 (46.2%) of h-GSS and in 37/97 (38.1%) of
l-GSS primary tumours, (p = 0.389). Thirteen (33.3%) patients with
h-GSS and 18 (18.6%)with l-GSS carried pathogenic or likely pathogenic
(P/LP) HRR variants showing an enrichment of P/LP mutations in the
h-GSS group (p = 0.063).

Among the P/LP HRRmutations, 3 (7.7%) in the h-GSS and 2 (2.1%)
in the l-GSS subgroup were germline variants. Somatic mutation analysis
revealed that only 13/39 (33.3%) of the observed h-GSS tumours could be
attributed toP/LPmutations inHRRgenes (Fig. 1C).At the same time,P/LP
mutations in HRR genes were present in 18/97 (18.6%) patients with l-GSS
(Fig. 1C). Finally, HRR gene mutations characterized as variants of
unknown significance (VUS) were identified in 12.8% (n = 5) and 19.6%
(n = 19) with h-GSS and l-GSS, respectively (Fig. 1C).

HRR gene expression and RAD51 foci formation in primary
tumours
Since HRR gene mutation status alone cannot explain the high GSS
score, we reasoned that h-GSS tumours might present a down-
regulation of the HRR gene expression. However, mRNA expression
levels of HRR genes did not show significant differences between low
and high GSS tumours, (Fig. 2A and Supplementary Table 1). Never-
theless, as RAD51C expression was unexpectedly higher in h-GSS
tumours, we compared the formation of RAD51 foci between h-GSS
and l-GSS tumours. As expected, h-GSS tumours presented almost no
foci, strongly indicating a failure to assemble a functional HRR com-
plex. (Fig. 2B and Supplementary Table 2).

GSS and p53 status
Previous studies have shown an association between the GSS and the
mutation status of TP53 in different tumour types11,16. We thus
investigated the presence and the variant allele frequency of the TP53
mutations in h-GSS and l-GSS tumours. The prevalence of pathogenic
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Fig. 1 | GSS andHR genemutations in an early NSCLCpatient cohort. ANumber
of l-GSS and h-GSS tumours in the patient cohort. B Break-down of the different
subgroups of l-GSS and h-GSS tumours across the GSS scale. C Heat map of HRR-

related P/LP and VUS mutations. Germline mutations are shown in yellow font. In
cases with P/LP mutations, VUS are not shown.
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p53 mutations was higher in h-GSS than in l-GSS primary tumours
(94.9% vs 51.5%, p < 0.001; Fig. 3A, B, Table 1). Additionally, 50
(51.5%) of the patients with l-GSS tumours carried pathogenic TP53
mutations and 27 of these tumours had a GSS < 10 (Table 2). Variant

Allele Frequency (VAF) of the TP53 mutations showed a significant
correlation with GSS (Fig. 3C; r = 0.5648, p < 0.0001). No association
was observed between the VAF of HRR mutations and GSS or
between the VAF of TP53 mutations and HRR gene mutations

Fig. 2 | HR gene expression and RAD51 status in the NSCLC cohort. A mRNA
expression of HR genes in l-GSS (left) vs h-GSS (right) tumours, expression is
normalized against β-actin, ***: p < 0.001, n = at least 8 samples/group. B RAD51

foci formation in l-GSS vs h-GSS primary tumours, pictures are representative from
n = 8 patients/group.
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(P/LP or VUS) in either h-GSS or l-GSS tumours (Fig. 3D, E and
Supplementary Table 2).

Effect of CDDP and olaparib in h-GSS and l-GSS tumours
The engraftment success rate was approximately 60%, matching previous
reports of our lab and others17–19. To ascertain that PDXmodels recapitulate
the RAD51 pattern of the primary tumour, we compared the frequency of
RAD51 foci in formalin-fixed paraffin-embedded (FFPE) samples of the
primary tumour and respective PDXs (molecular profiles and GSS in
Supplementary Table 2). As Fig. 4A indicates, primary tumours and PDXs
present similar RAD51 foci frequencies under steady-state conditions,
which are generally low irrespective of the GSS. This probably reflects the
low damage levels in the absence of DNA-damaging agents.Whether this is
a peculiarity of early-stage NSCLC is still under investigation (baseline
RAD51 scores of PDXs can be found in Supplementary Table 3).

Expression of RAD51 in steady-state was detectable in both l-GSS
and h-GSS PDXs, although the number of foci/nucleus was low and not
significantly different between the two groups (Fig. 4B). However, in
CDDP-treated l-GSS PDX, the number of nuclei with >10 RAD51 foci
drastically increased compared to the untreated PDX, whereas this was
not the case in h-GSS PDX, which had a significantly lower (p = 0.016)
number of foci-rich nuclei (Fig. 4C). To evaluate whether PARP
inhibition would be efficient in HRDNSCLC, we compared the efficacy
of olaparib on h-GSS and l-GSS PDXs. h-GSS PDXs showed a sig-
nificant, albeit partial response to olaparib, as tumour growth was
significantly slower compared to the untreated group; conversely,
l-GSS PDXs did not respond to olaparib treatment and grew similarly
to untreated PDXs (Fig. 5).

Clinical outcome according to GSS and TP53 status
After amedian follow-up period of 47.9months (range: 0.1-68.6 mo), there
were 45 (33.1%) recurrences and 30 (22.1%) deaths due to disease pro-
gression (Table 3). Τhe 2- and 3-year survival rates were 85% and 75.7%,
respectively. Seventy-two (52.9%) patients received adjuvant platinum-
based chemotherapy and 7 (5.1%) had adjuvant radiotherapy. Τhe median
DFI and OS have not been reached (range 0.1–68.4 mo), and there was no
significant difference between l-GSS and h-GSS patients, both in the whole
cohort of patients as well as in the subgroup of patients who received
platinum-based adjuvant chemotherapy (DFI: p = 0.82; OS: p = 0.23).
Nevertheless, after univariate analysis, the co-existence of h-GSS and TP53
mutations (h-GSS/TP53mut subgroup of patients: n = 27) was associated
with a significantly higher DFI compared to patients with l-GSS/TP53 wt
[n = 17; 35.9mo vs 21.7mo, (p = 0.012)]; [Fig. 6A and SupplementaryTable
4a], while no other covariate reached statistical significance, alone or in
conjunction with GSS/TP53 status (not shown).Moreover, patients with h-
GSS/TP53mut tumourswho received platinum-based chemotherapy at any
setting (adjuvant and/or metastatic) had significantly better OS (non-
reached vs. 28.5 mo; p = 0.004; Fig. 6B and Supplementary Table 4b).

Discussion
Exploiting DNA repair in cancer therapeutics has become a field of exten-
sive research in recent years20, with the repair of DSBs being at the forefront
of this research due to the defects of the HR repair machinery. HRD is
present in various tumour types and is traditionally associatedwith germline
or somatic mutations in BRCA1/BRCA2 or other genes of the HRR
machinery21,22. The discovery of PARP inhibitors and the concept of syn-
thetic lethality has been a major breakthrough in the treatment of tumours
such as breast and ovarian cancer as well as prostate and pancreatic ade-
nocarcinoma, in which germ-line and somatic mutations in the BRCA1/2
genes are relatively common. However, patients withmutated BRCA1/2 do
not always respond to PARP inhibition23, while on the other hand, patients
who do not harbour BRCA1/2 or other HRR-related gene mutations
inexplicably do respond24. Thus, it appears that homologous recombination
deficiency can be a result of yet unidentified mechanisms, highlighting the
need for novel stratification methods to determine which patients might
benefit from PARPi administration.

Fig. 3 | Correlation of TP53 status withGSS. A Prevalence of P/LP TP53mutations
across theGSS scale.BHeatmap of TP53 P/LP andVUSmutations.CCorrelation of
GSS score and TP53 mutation VAF. D Correlation of GSS score and HRR VAF.
E Correlation of TP53 and HRR VAF. For samples with more than one HRR

mutation, the sum of VAFs of the separate mutations is plotted. In cases with P/LP
mutations, VUS are not shown.

Table 1 | Presenceor absenceof TP53mutations in eachof the
two GSS groups (All pts)

All pts (N = 136) GSS score

l-GSS (n = 97) h-GSS (n = 39) p-value

TP53 yes (n = 87) 50 (51.5%) 37 (94.9%) <0.001 (Fisher’s)

TP53 no (n = 49) 47 (48.5%) 2 (5.1%)
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Next-generation sequencing allowed the identification of genomic
scarring signatures initially associated with germ-line BRCA1/2
mutations. However, these were subsequently identified in a wide
spectrum of solid malignancies and independently of BRCA1/2
mutation status25,26. Several clinically approved, commercially avail-
able or academic algorithm platforms have been developed to predict
HRD based on DNA (whole genome or whole exome sequencing) or
gene expression (RNA sequencing) data27,28, and they have provided an
excellent opportunity to expand the patient groups which could benefit
from PARPi in the clinic. These platforms examine the presence of
certain 'genomic scars' which arise when the cell fails to properly carry
out the homologous recombination repair. Based on the presence of
such scars, the predictive algorithms assign a 'score' between 0 and 100.
Then, assigning a threshold for the GSS which varies according to the
algorithm used, the software categorizes the tumours as either profi-
cient or deficient for homologous recombination. However, the bio-
logical reality of HRD in different tumour types might deviate from
these parameters, and these platforms offer the opportunity to go
deeper in the causes of HRD and genomic instability and identify
biomarkers which could be involved in the phenotype beyond BRCA1/
2 and other HRR genes.

While genomic scars can be considered the endpoint of HRD, func-
tional assays, i.e., the formationofRAD51 foci, aloneor in combinationwith
HRD scores can provide further sensitivity and specificity in identifying
patients likely to benefit from PARPi29–31. Response to cisplatin che-
motherapy has also been associated with sensitivity to PARPi. In fact,
clinical data support the use of PARPi asmaintenance therapy in previously
cisplatin-sensitive ovarian cancer patients32.

Regarding NSCLC, GSS is emerging as a potentially more repre-
sentativemarker for HR status in NSCLC, and the current estimation for
the prevalence of HRD in NSCLC ranges from 15 to 20%, depending on
the cohort examined and the technique employed to assess HR status33.
Specifically for NSCLC patients with adenocarcinoma, the GSS, parti-
cularly when combined with complete TP53 loss, is associated with
extremely poor prognosis14. On the other hand, it appears that h-GSS
tumours could respond better to platinum-based therapy34 and our
observations also support this notion. Preclinical experiments in human
cell lines of NSCLC have shown very promising results35. To this date,
however, the literature is quite poor with regards to functional studies
whichwould allow the identification ofNSCLCpatientswho could really
benefit from PARPi. Such information would allow the better design of
clinical trials which would really address the clinical potential of PARPi
in this devastating disease.

In the current work, we employed GSS assessment as a method to
evaluate the HR status of early-stage, operable NSCLC and examine
whether PARPi can be beneficial for patients with high scarring scores.
Using commercially available diagnostic assays and platforms, we
identified a substantial portion of these tumours that present a high
genomic scarring score, indicating HRD. Analysis of the mutation
profile of HRR-related genes showed that HRD h-GSS tumours do not
necessarily carry pathogenic mutations in any of the HRR genes.
Conversely, not all tumours carrying pathogenic HRR mutations
present a high GSS, information which becomes particularly relevant
if patients are to be screened for PARPi administration based solely on
HRR gene mutations. Interestingly, a high GSS score is significantly
associated with pathogenic TP53 mutations, although the precise

molecular mechanisms explaining this association are still under
investigation. In agreement with our findings, previous reports have
identified the combined presence of TP53 and other mutations as a
strong indicator of HRD8. Importantly, we show that the variant allele
frequency of TP53 mutations significantly aligns with GSS, indicating
a possible causal relationship. In agreement with a recent report14,
patients with high GSS and mutations in TP53 show an extended DFI
and OS following cisplatin-based chemotherapy. Functionally, HRD
was corroborated in PDXs with RAD51 foci measurements in steady-
state and cisplatin-treated PDXs, which showed that tumours with
high GSS failed to efficiently assemble the HRR machinery. Impor-
tantly, treatment with olaparib significantly delayed tumour growth in
h-GSS but not in l-GSS PDXs despite the fact that 4/5 h-GSS PDX
developed harboured no HRR mutations.

Taken together, our data indicate that the GSS could better serve as a
biomarker for HR status in early-stage NSCLC compared to the mere
screening of germline or somatic HRR gene mutations and that a combi-
natorial approach would be the more informative one for clinical practice.
Patient stratification based on the GSS could help identify sub-cohorts of
patients that would benefit from PARPi administration. Given the strong
indications of improved clinical outcomes for platinum-based therapy and
immunotherapy in HRD NSCLC, the exciting prospect of combination
therapywith PARPi for this subgroupwarrants further investigation both in
the preclinical and clinical setting.

Methods
Patients
Patients with histologically documented NSCLC, aged >18 years old
and clinical stage IA-IIIA, amenable to surgical resection, were enroled
in a multicenter, single-arm, translational research study, conducted
by the Hellenic Oncology Research Group (HORG), which evaluated
the molecular heterogeneity of the disease. This study was performed
according to the ethical standards of the 1975 Declaration of Helsinki,
as revised in 2008, and was approved by the Ethics and Scientific
Committees of the participating hospitals [Metropolitan General
Hospital (308/28-12-2017) and 'Sotiria' General Hospital (1288/17-01-
2018), Athens, Greece]. All patients gave their written informed con-
sent for both the identification of germline HRR gene mutations and
for the somatic mutational profiling of the tumour as well as for the use
of their biologic material for research purposes.

A total of 136 patients were enroled during the study period (Table 3).
Their median age was 68.0 years old (range, 39–86) and 98 (72.1%) were
men. Sixty-seven (49.3%) patients were current smokers and 39 (28.7%)
were ex-smokers. Histology was Squamous Cell Carcinoma (SCC) in 56
(41.2%) patients and adenocarcinomas (ADC) in 71 (52.2%); other histo-
logical types were rare such as mixed SCC/ADC (n = 2 pts) and LCNEC
(n = 7 pts) (Table 3). Seventy (51.5%) patients had pathological stage I
(A andB) disease, whereas 28 (20.6%) and 37 (27.2%) had stage II (A andB)
and IIIA disease, respectively (Table 3).

HRDassessment by genomic scarring score calculation viaNGS
Genomic DNA from all patients was used to assess the HRD by cal-
culating a GSS facilitated by NGS data analysis. Briefly, DNA was
extracted from fresh frozen biopsies (QIAamp DNA Mini kit, QIA-
GEN), followed by library preparation according to themanufacturer’s
protocol (AmoyDx® HRD Focus Panel, Amoy Diagnostics Co., Ltd,

Table 2 | TP53 and GSS score (All pts)

All pts (N = 136) GSS score

<10 (n = 66) ≥10–≤70 (n = 40) >70 (n = 30) p-value

TP53 yes (n = 87) 27 (40.9%) 31 (77.5%) 29 (96.7%) <0.001 (Fisher’s)

TP53 no (n = 49) 39 (59.1%) 9 (22.5%) 1 (3.3%)
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China). The constructed libraries were sequenced on a NextSeq550
NGS sequencer (Illumina, San Diego, US). Bioinformatic analysis was
performed using the AmoyDx NGS Data Analysis System (ANDAS)
which incorporates proprietary algorithms to determine genomic

instability by calculating a genomic scaring (GS) score for each sample,
based on data from ≈24,000 genome-wide distributed SNPs. The
AmoyDx GS model is built on machine learning and it measures
genomic instability by weighing different types of chromosomal copy

Fig. 4 | Frequency of RAD51 foci upon CDDP treatment. A Comparison of
RAD51 foci formation in primary tumours and PDX, representative of 6 different
comparisons, scale bar 10 μm.BResponse of h-GSS and l-GSS PDXs to in vivoDNA

damage induction (6 mg/kg CDDP for 24 h), scale bars 20 μm. C Quantification of
(B), percentage of nuclei with >10RAD51 foci in l-GSS (n = 7) vs h-GSS (n = 4) PDX,
*: p < 0.05, 3 different fields per sample were quantified.
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numbers36. Chromosomal copy number is grouped according to the
combination of length of copy number (LCN), type of copy number
(TCN), and site of copy number (SCN), while the pipeline has been
trained using ovarian cancer datasets. AGSS ranging from 0 to 49 (<50)

and from 50 to 100 (>50) was considered as a negative or low GSS (l-
GSS) and positive or high (h-GSS) result respectively according to the
manufacturer.

Fig. 5 | Response of l-GSS vs h-GSS PDX to olaparib administration. Statistical
significance was determined with 2-way ANOVA and significance per time point
was determined via multiple comparisons analysis, *: p < 0.05, **: p < 0.01, ***:

p < 0.001, ****: p < 0.0001. Patient number, GSS and cohort sizes are indicated for
each experiment.
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Germline and somatic tumoral HRR gene mutational status
DNA extracted from the PBMCs of 121 (89%) of 136 patients was used in
order to assess the presence of germline HRR gene mutations using a
commercial panel (AmoyDx®HANDLEHRRNGSPanel).Τheusedpanel,
which allowed a reversible terminator sequencing, is intended for the
qualitative detection of AR, ATM, ATR, BARD1, BRCA1, BRCA2, BRIP1,
CDH1, CDK12, CHEK1, CHEK2, ESR1, FANCA, FANCL, HDAC2,
HOXB13, MRE11A, NBN, PALB2, PPP2R2A, PTEN, RAD51B, RAD51C,
RAD51D, RAD54L, STK11 and TP53 gene variants (in complete coding
exons and exon-intron boundaries). The detected variants include point
mutations, small insertions, and deletions in HRR genes.

DNA extracted from 140 fresh-frozen biopsies was also used to assess
somatic mutations and library construction using a commercial panel
(AmoyDx® HRD Complete Panel, Amoy Diagnostics Co.) that has all the
same characteristics as the AmoyDx® HRD Focus Panel described before,
but also includes the mutational analysis (SNV/InDels and homozygous
deletions) of 20 homologous recombination repair (HRR) related genes:
ATM, BARD1, BRCA1, BRCA2, BRIP1, CDH1, CDK12, CHEK1, CHEK2,
FANCA, FANCL, HDAC2, PALB2, PPP2R2A, PTEN, RAD51B, RAD51C,
RAD51D, RAD54L, TP53. Four (2.9%) samples failed QC metrics and
therefore were excluded from the results (Supplementary Table 5).

Mouse colony management
Immunocompromised NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice
were purchased from Harlan and kept in separate ventilated cages in a
controlled environment free from specific pathogens, following the guide-
lines set by FELASA (Federation of Laboratory Animal Science Associa-
tions), at theAnimalHouse Facility of the Biomedical Research Foundation
of the Academy of Athens (BRFAA, Greece). All animal care and treatment
procedures were reviewed and approved by the Institutional Committee on
Ethics of Animal Experiments. The animal handling protocol for this
project was licensed under 812701-03/07/2023.

Establishment of patient-derived xenografts (PDX)
For the establishment of PDX, primary tumour material not needed for
diagnostic purposes was used. After the resection of biopsies for DNA and
RNA extraction, the remaining material was cut into pieces of up to
4mmX4mm.The pieces were implanted in the flanks ofNSGmice via small
(0.5 cm) incisions using sterile forceps. The incisions were then stapled shut
using the Autoclip system (Agntho’s AB, Autoclip Clips, Applier 9mm,
12020-09, Sweden). Implanted tumours were monitored for growth by
measuring twice a week using a calliper (Insize, 1205-1502S, China). When
tumours reached a diameter of 1 cm, mice were sacrificed, and tumours
were cut in pieces of 2mmX2mm for passage and expansion. Cohorts were
deemed completewhenwehad at leastn = 20differentmiceharbouring one
PDX per flank from the original tumour.

Drug testing on PDX
Drug administration (vehicle, cisplatin or olaparib) was initiated when
tumours reached a size of 4 mm × 4mm. All drugs were administered
intraperitoneally. For CDDP (Pharmachemie BV, 21C28LB, Nether-
lands), 6 mg/kg was administered once weekly, whereas for Olaparib
(MedchemExpress, HY-10162, Sweden) 50 mg/kg was administered
daily. Tumours were measured as described twice weekly and mice were
sacrificed when tumours reached the humane endpoint, usually not
longer than 25 days post-treatment initiation. For damage induction and
RAD51 assessment, untreated mice with PDX of at least 7 mm × 7mm
were treated intraperitoneally with 6 mg/kg of cisplatin and sacrificed 24
or 72 h later.

Real-time quantitative PCR (qPCR) for gene expression analysis
TotalmRNAwas extracted fromthepatients’ snap-frozenbiopsies using the
E.Z.N.A. kit (Omega, E1091 -02, USA) according to the provider’s
instructions. On-column genomic DNA digestion was performed. Reverse
transcription (RT) was carried out from 1 μg of total mRNA using the RT
Reagent Kit PrimeScript (Takara, RR037A, Japan) according to the provi-
der’s instructions. qPCR was performed in duplicate for every gene
including three different housekeeping genes using 25 ngof totalmRNAper
reaction. Fluorescence was detected using SYBRgreen dye (Biorad, 172
-5124, USA). A detailed list of all primer pairs used can be found in Sup-
plementary Table 6.

Tissue processing and staining for confocal microscopy
Sections from patients’ paraffin blocks were obtained from the Histo-
pathology Department of the Sotiria General Hospital. PDX tumours were
excised from the mice at the endpoint of the experiments. Small biopsies

Table 3 | Demographic and other characteristics of the
patient cohort

N = 136 No (%)

Age

Median (min-max) 68.0 (39–86)

Sex

Men 98 (72.1)

Women 38 (27.9)

Smoking status

Current 68 (50.0)

Ex-smoker 38 (27.9)

Never 4 (2.9)

N/A 26 (19.1)

Histology

SCC 55 (40.4)

ADC 71 (52.2)

Mixed 2 (1.5)

LCNEC 8 (5.9)

Stage at diagnosis

IA 33 (24.3)

IB 36 (26.5)

IIA 8 (5.9)

IIB 20 (14.7)

IIIA+ IIIB 38 (27.9)

NA 1 (0.7)

Adjuvant Chemo

Yes 70 (51.5)

No 62 (45.6)

NA 4 (2.9)

Adjuvant RT

Yes 7 (5.1)

No 119 (87.5)

NA 10 (7.4)

Relapses

Yes 45 (33.1)

No 91 (66.9)

DFS (median, min-max) NE (0.1–68.4)

Deaths

Yes 31 (22.8)

No 105 (77.2)

OS (median, min-max) 1-Year OS NE (0.1–68.6) 91.3%

Follow-up (median, min-max) 47.9 (0.1–68.6)
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were snap-frozen for DNA and RNA extraction, and the remaining tissue
was fixed in 4% PFA overnight (ON) at room temperature (RT). The fol-
lowing day, tissues were transferred in 70% ethanol and processed for
paraffin embedding in a Leica Tissue processor. 5 μm-thick sections were
cut in a semi-automatic Leica RM2125 microtome (Leica Instruments,
Singapore) and placed on slides pre-treated with poly-L-lysine (Menzel-
Thermo, 19352000, USA). Deparaffinization and staining were performed
as previously described. Briefly, citrate buffer was used for antigen retrieval
(1 h, 120 oC) and non-specific binding was blocked by incubating the slides
in blocking solution (PBS/BSA 0.5%/Triton 0.5%) for 1 h at RT. Primary
antibody against RAD51 (Abcam, ab133534, UK) was then placed on each
slice and incubated ON at 4 oC. Slices were washed three times in PBS/
Triton 0.5% and a secondary anti-Rabbit-Cy5 antibody (Jackson Immu-
noResearch, AB_2338013,USA) in PBSwas incubated for 1 h at RT. After 3
washes in PBS, slices were stained with DAPI (Vector, H-1200, USA) for
3min at RT, washed, and mounted with Mowiol mounting medium.
Staining was visualized the following day and up to 10 days later under a
Leica Inverted SP5 confocal microscope.

RAD51 foci quantification
To evaluate the recruitment of the HRR machinery to damage sites, the
formationofRAD51 fociwas assessed before and after damage inductionon
PDX with cisplatin. We quantified 3 different controls and 3 different
cisplatin-treated fields from n = 7 Homologous Recombination proficient
(HRP) and n = 4HRD PDX.We considered responsive nuclei with over 10
RAD51 foci and normalized this count with the total number of nuclei
per field.

Statistical analysis
For the clinical data and mutational analysis summary tables (descriptive
statistics and/or frequency tables) were provided for all baseline and efficacy
variables, as appropriate. Continued variables were summarized with
descriptive statistics (n, median and range). Qualitative factors were com-
pared by Pearson’s chi-square test or Fisher’s exact test, when appropriate.
Disease-free interval (DFI) was defined as the time from the date of NSCLC
initial diagnosis to the date of the first documented relapse/recurrence or
death from any cause, whichever occurred first. Overall survival (OS) was
defined as the time from the date of NSCLC initial diagnosis to the date of
death from any cause. Patients alive without any predefined event (recur-
rence/relapse or death) were considered as censored at the time of the last
known follow-up assessment. Time-to-endpoint events (DFI, OS) were
estimated using the Kaplan–Meier method and the comparisons were

computedwith the log-rank test.Median follow-upwas calculatedusing the
reverse Kaplan-Meier method. All statistical tests were two-sided, and p-
values < 0.05 were considered statistically significant. The data were ana-
lyzed using IBM SPSS statistics (Version 26.0) predictive analytic software.
Statistical analysis of the experimental data was carried out using GraphPad
Prism and SPSS software.

Data availability
The datasets produced and analysed during the current study are available
from the corresponding author upon reasonable request.
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