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Abstract

Poly ADP ribose polymerase (PARP) inhibitors are mainly used in treating BRCA-mutant cancers, and
their application in novel therapies to expand their benefit is of interest in personalized medicine. A
recent report showed that pharmacological targeting of PARP increases the sensitivity of cancer cells to
EGFR inhibition, but the therapeutic value of this combination has not been fully determined. We
propose a strategy of combining PARP inhibitors with bispecific antibodies that target both EGFR and
Notch signalling, highlighting the difficulties posed by deregulation of Notch signalling and the enrichment
of cancer stem cells (CSCs) during therapy. In the present study, we showed that although PARP plus
EGFR targeting led to more penetrant and durable responses in the non-small cell lung cancer (NSCLC)
PDX model, it influenced the enrichment of stem-like cells and their relative proportion. Stem-like cells
were significantly inhibited in vitro and in vivo by EGFR/Notch-targeting bispecific antibodies. These
bispecific antibodies were effective in PDX models and showed promise in cell line models of NSCLC,
where they delayed the development of acquired resistance to cetuximab and talazoparib. Moreover,
combining EGFR/Notch-targeting bispecific antibodies and talazoparib had a more substantial antitumour
effect than the combination of talazoparib and cetuximab in a broad spectrum of epithelial tumours.
EGFR/Notch bispecific antibodies decrease the subpopulation of stem-like cells, reduce the frequency of
tumour-initiating cells, and downregulate mesenchymal gene expression. These findings suggest that
combining EGFR and Notch signalling blockade can potentially increase the response to PARP blockade.

Keywords: PARP, EGFR, Cancer stem cell, Notch, BsAb

Introduction

Overexpression or abnormal activation of the
epidermal growth factor receptor (EGFR) is observed
in many human cancers [1-3]. Numerous human
EGFR-targeting agents, such as monoclonal anti-
bodies (such as cetuximab and panitumumab) and
third-generation EGFR tyrosine kinase inhibitors
(TKIs), have been approved by the Food and Drug
Administration (FDA) due to their excellent clinical
performance. In various cancer models, targeted
therapy using monoclonal antibodies efficiently

prevents EGFR ligand binding, and receptor
dimerization promotes EGFR phosphorylation and
internalization, which ultimately reduces cell
proliferation [4]. The P27KIP1-CDK2 complex is
ultimately prevented from exiting G1 phase by
cetuximab, which also causes the arrest of the G1
phase of the cell cycle and increases P27KIP1 induc-
tion levels. Numerous studies have demonstrated that
cetuximab treatment can reduce tumour survival
through a number of mechanisms, including
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downregulating angiogenic factors and matrix
metalloproteinases that are involved in cell adhesion
to lessen cancer cell metastasis, upregulating Bax and
other proapoptotic factors, downregulating Bcl2 and
activating caspases, and inducing ADCC in vivo by
attracting immune cells to tumour cells [5]. However,
although TKIs and EGFR-targeting antibodies are
frequently used in the clinical treatment of non-small
cell lung cancer (NSCLC), EGFR-targeting therapy
faces a major challenge because patients often develop
innate or acquired drug resistance within a year of
starting treatment [6, 7].

The tumour-initiating cell (TIC) or cancer stem
cell (CSC) theory has drawn much interest. According
to this theory, a small subpopulation of cancer cells
that resemble stem cells can self-renew and
differentiate at the top of the tumour cell hierarchy [8].
Stem cell-like cancer cells are thought to play a role in
tumour progression, recurrence, and resistance to
chemotherapy and radiation therapy [9], indicating
their status as an important target in cancer therapy.
In addition to having greater resistance to paclitaxel
and docetaxel than their parental cells, cell lines that
are resistant to EGFR inhibitors also have a higher
capacity to initiate tumours. These characteristics
might be connected to the growth of CSC subsets [10].
In addition, one study showed that CSCs have an
inherent resistance to EGFR blockade [11]. Another
study reported the activation of EGFR-dependent
Notch3 signalling after erlotinib treatment of lung
cancer cell lines with EGFR mutations, which is
responsible for the enrichment of stem cell-like cancer
cells [12]. These results support the data from recent
clinical trials of EGFR blockers, in which EGFR
blockade failed to improve survival after the patients
had received curative-intent therapy in the early stage
of the disease [13, 14]. Moreover, although contro-
versial, increasing evidence suggests that CSCs have a
higher baseline DNA damage response (DDR) and
single-strand break response (SSBR), including after
ionizing radiation, which contributes to the enhanced
tolerance of CSCs to DNA damage stress and
oxidative stress [15, 16].

The enzyme poly-ADP-ribose polymerase 1
(PARP1) catalyses the transfer of ADP-ribose
polymers to substrates. PARP1 can sense DNA
lesions, activate DDRs and act as a DNA damage
repair enzyme. As a key player in single-strand break
repair and the DNA damage response, PARP has been
identified as a potential therapeutic target. In
preclinical research and clinical trials, numerous
PARP inhibitors have been used to treat various
cancer types, including NSCLC [17]. The efficacy of
PARP inhibitors combined with TMZ has been
validated at the clinical level. In a phase I trial and a

phase II/1II trial, olaparib and veliparib, two PARP
inhibitors, were used, respectively. However,
excessive toxicity reduced their effectiveness and
resulted in the failure of clinical trials [18, 19]. A novel
oral PARP inhibitor called talazoparib is currently
being developed and has demonstrated greater in
vitro activity than any other PARP inhibitor [20, 21].
Treatment with talazoparib demonstrated promising
single-agent lethality in advanced ovarian and breast
cancer patients carrying harmful BRCA1/2
mutations. However, the rarity of BRCA mutations in
other cancer types, including NSCLC [22], has limited
the wide application of talazoparib. Talazoparib is
currently being tested in a clinical study for NSCLC
(NCT04173507). Investigation of new methods to
increase the proportion of NSCLC patients who are
anticipated to benefit from talazoparib treatment is
urgently needed.

EGFR blockade downregulates key players in
base excision repair (BER) and increases the
sensitization of cancer cells to alkylating agents and
ionizing radiation [23, 24]. Previous studies have
shown that EGFR-mutant cancer cells are sensitive to
olaparib both in vitro and in vivo [25]. Recent studies
have demonstrated that overexpressing EGFR is
linked to an increase in reactive oxygen species (ROS),
which is followed by an upregulation of DNA
damage repair pathway basal expression to combat
rising oxidative stress, decreasing cell sensitivity to
PARP inhibitors [26]. Moreover, a recent study
showed that pharmacological targeting of PARP led
to enhanced sensitivity of cancer cells to EGFR
inhibition.

The cross-regulation of EGFR and Notch
signalling in embryonic development has long been
shown by genetic studies. These interactions can
appear antagonistic or constructive depending on the
animal model or organ under investigation [27, 28].
Notch receptors are primordial, evolutionarily
conserved, and highly associated with CSCs [29]. The
diversity of Notch receptors and ligands, with four
paralogous Notch receptors (Notchl to Notch4) and
five canonical Notch ligands [Delta-like ligand 1
(DLL1), DLL3, DLL4, Jagged1, and Jagged?2] identified
thus far, is the basis for the complex and versatile
functional activities of Notch signalling. The
resistance of cancer cells to molecularly targeted
therapies, promotion of the epithelial-mesenchymal
transition (EMT), and increased invasion of cancer
cells are all caused by the crosstalk between Notch
and EGFR signalling [30]. In addition, EGFR was
reported to have a kinase-dependent physical
association with the Notch receptor, with the ability to
modulate the functional activity of Notch signalling in
human lung cancer cell lines [12]. Additionally, EGFR
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blockade was demonstrated to enhance Notch
expression and the EMT process, increasing the
frequency of cancer-associated fibroblasts (CAFs)[31].
Additionally, we recently reported that bispecific
antibodies reduced the frequency of CSCs in
preclinical models by simultaneously inhibiting EGFR
and Notch signalling [32, 33]. Recently, NOTCH3 was
shown to send a signal via p-catenin instead of the
normal notch pathway. By binding to p-catenin,
NOTCHS3 stabilizes the transcription factor and
induces -catenin-dependent gene expression [34].

These results provide a rationale for cotargeted
therapies based on EGFR, PARP, and Notch signalling
in cancer and suggest a direct interaction among these
signalling pathways. Therefore, we argue that a PARP
inhibitor and a combination of EGFR and Notch
signalling blockade would be most effective against
NSCLC.

Materials and Methods

Cell lines and reagents

HCC2279 was obtained from the Korean Cell
Line Bank, and H322 was obtained from the European
Collection of Cell Cultures; all other cell lines were
purchased from the American Type Culture
Collection (ATCC). Using STR analysis, we were able
to confirm the purity of all of the cell lines and ensure
that they were true to type. The cells were cultured in
accordance with protocols developed by the ATCC.
We ordered talazoparib from Selleck and cetuximab
from Merck. As we previously reported, we produced
BsAb CT16 and PTJ12 in-house.

Aldefluor assay and flow cytometry

The validation of ALDH+ cells was performed
using an Aldefluor Assay Kit from Stemcell
Technologies. The specific assay procedure was
carried out in accordance with the manufacturer's
operating guidelines, with the necessary modifi-
cations.  Phycoerythrin-conjugated  anti-human
CD133/1 antibody (Miltenyi Biotec) was used to stain
the assayed cells. The phycoerythrin-conjugated
anti-human CD133/1 antibody was tested against an
isotype control antibody. The ALDEFLUOR assay's
negative control was the specific ALDH inhibitor
diethylaminobenzaldehyde, which can establish the
baseline fluorescence of these cells. With a BD
FACSVantage SE cell sorter and CellQuest software
(BD Biosciences), all cell samples were examined and
sorted. For analysis of the purity of the cells, aliquots
of CD133+ALDH-, CD133+ALDH+, CD133-ALDH+,
and CD133-ALDH- sorted cells were costained with
phycoerythrin-conjugated ~ anti-human  CD133/2
antibody (Miltenyi Biotec) and examined using a
FACSCalibur flow cytometer (BD Biosciences).

Protein array

According to the manufacturer's instructions, an
antibody-based custom protein Array (Sinobiological,
Beijing, China) was used to analyze the expression
of EMT markers and signalling. Overnight at 4°C, cell
lysates were centrifuged and hybridized to the array
membrane. After washing the membrane, a second
antibody against the protein (biotin-conjugated) was
applied, and HRP-conjugated streptavidin was
pipetted onto the membrane to detect the proteins.

Cell proliferation assay

For calculation of the IC50, cells were plated in
triplicate in 96-well plates at 5 x 103 cells per well and
cultured for an overnight period. The cell culture
medium of plated cells was replaced with RPMI
medium containing 0.2% foetal bovine serum (assay
medium) and DMEM with or without treatment
agents. Multiple concentrations of talazoparib and
cetuximab (maximal doses of 50 mM and 100 mg/ml,
respectively) were added to the cell culture medium.
With a CellTiter-Glo Luminescent Cell Viability Assay
from Promega, cell viability was evaluated 72 hours
after treatment. The results were obtained from a
minimum of three repeated experiments, and the
drug concentrations that resulted in a 50% reduction
in cell viability (IC50) were calculated based on a
four-variable curve analysis.

Cancer cells (2000-5000 cells per well) were
plated in 96-well plates for the cell proliferation assay.
The following day, the cells were treated with the
indicated antibody concentrations in medium
containing 5% serum. After 4-6 days, alamarBlue
(Invitrogen) was added to the wells. The fluorescence
in the 96-well plate was detected with excitation at 530
nm and emission at 590 nm. Relative fluorescence
units (RFU) are used to express the results.

Real-time polymerase chain reaction (PCR)

Total RNA was isolated using a Qiagen RNeasy
Mini Kit. The data were then analysed with SDS v2.3
software (Applied Biosystems) after real-time quanti-
tative PCR was carried out with an ABI Prism 7900HT
system. Actin expression was used as an endogenous
control for typical expression. Commercial TagMan
probes were used for real-time quantitative PCR with
the following assay IDs: EGFR (Hs01076078), HER3
(Hs00176538), CDH1 (Hs01023895), CDH2 (Hs00
983062), CLDN3 (Hs00265816), CLDN7 (Hs00600772),
CLDN12 (Hs00273258), CRB3 (Hs01548179), DIGH1
(Hs00938192), FN1 (Hs01549976), HES1 (Hs00172878),
HEY1 (Hs01114113), INADL (Hs00195106), JAG1
(Hs01070032), NOTCH1 (Hs01062014), NOTCH?2
(Hs01050702), NOTCH3 (Hs01128537), NOTCH4 (Hs0
0965889), SCRIB (Hs00363005), SNAI1 (Hs00195591),
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SNAI2 (Hs00161904), TWIST1 (Hs00361186), TWIST2
(Hs002379), VIM (Hs00958111), ZEB1 (Hs01566408),
and ZEB2 (Hs00207691). The real-time quantitative
PCR data were analysed and log transformed to
generate a heatmap [35].

Immunofluorescence staining

Cells were plated on cover slides, fixed with 4%
paraformaldehyde, permeabilized with 0.3% Triton
X-100, and blocked with 1% bovine serum albumin
prior to immunofluorescence staining. After an
overnight incubation, the primary antibodies were
labeled with the corresponding fluorescent
dye-conjugated secondary antibody. The primary
antibodies were incubated. DAPI was used to stain
the cell nuclei. A Leica TCS SP2 confocal system from
Germany's Leica was utilized in order to perform
observations and capture images of the samples.

siRNA transfection

Pools of siRNAs directly targeting Notch
receptors and nontargeting siRNAs were purchased
from Dharmacon. Dharma-FECT 4 transfection
reagent (Dharmacon) was used for transfection of
cells with individual siRNAs at a dose of 2 nmol.

In vivo study of cancer cell line therapy

All in vivo experiments were approved by the
Institutional Animal Care and Use Committee
(IACUC) of Second Military Medical University, and
the mice were housed in a specific pathogen-free
barrier facility. NSCLC cells were injected into
BALB/c nude mice to create the NSCLC tumour
model (Shanghai Experimental Animal Center of
Chinese Academy of Sciences). The mice were
randomly divided into corresponding groups with 8-
12 mice in each group when the tumour volumes
averaged approximately 150 mm3. A 2x loading dose
served as the first dose (the dose given on the day of
randomization), and multiple dose studies continued
throughout the course of the 4 weeks of treatment.
Throughout the course of the study, tumours were
measured with digital callipers at least once per week,
and the volume of each tumour was calculated using
the formula volume = length x (width) 2/2.

Patient-derived xenograft models

Tumour specimens were obtained during the
initial surgery on patients with newly diagnosed
NSCLC in Changzheng Hospital of Naval Medical
University. The acquisition of the samples was based
on written informed consent by each patient and was
ethically certified by hospital pathologists. As
previously described, a minimal initiating tumour cell
frequency and human tumour xenograft models
minimally passaged were established (34, 53). Briefly,

human tumour xenograft models were established by
subcutaneous implantation of patient-derived solid
tumour fragments in NOD/SCID mice (Animal
Center of Chinese Academy of Sciences). All animal
manipulations were carried out in accordance with
the requirements established by the Committee on
Animals of the Naval Medical University. Specific
doses of drugs were administered to mice via
intraperitoneal injection at certain dosing intervals.
Radiation treatment was performed using a cabinet
X-ray biological irradiator X-RAD 320 from the
Radiology Department of the PLA General Hospital.
The mice were immobilized with custom-designed
lead jigs, and their tumour-bearing back was then
exposed to radiation, avoiding irradiation of
nontumour-bearing normal tissue as much as
possible. The body condition index [36], animal
weight, skin appearance, and posture were all
monitored to evaluate toxicity. The established
tumours were isolated and prepared into single-cell
suspensions, which were frozen at -80 °C for the
construction of tumour models required for
subsequent experiments. Single-cell suspensions from
untreated or treated tumours were prepared for the
tumorigenicity assay and cell-sorting experiments.
These suspensions were then incubated on ice for 30
min with biotinylated mouse CD45 and mouse H2Kd
antibodies. Magnetic beads that were dyed with
streptavidin were then added to remove the murine
stromal cells. After being collected, human tumour
cells were counted and diluted for FACS analysis or
subcutaneous injection into NOD/SCID mice. Up to
three months of tumour growth was observed. The
L-Calc Version 1.1 software program (StemCell
Technologies) was used to calculate the frequency of
cancer stem cells. All therapeutic agents were
intraperitoneally administered.

Tissue analysis

Whole excised tumour tissue was lysed using the
Sigma CelLytic MT Lysis Reagent, and total RNA was
isolated using the Qiagen RNeasy Mini Kit in
accordance with the manufacturer's instructions. On
an ABI Prism 7900HT system from Applied
Biosystems, real-time quantitative PCR was carried
out using Solaris qPCR GENE Expression Assays
SYBR from Thermo Fischer Scientific.

In vivo studies of tumorigenicity

SCID mice were subcutaneously injected with
various numbers of tumour cells suspended in
Matrigel (BD Biosciences) at a ratio of 1:1. The mice
were killed between three and six months after the
initial injection, when the tumours had developed.
Five months after the inoculation of tumour cells,
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mice with injected tumours but without s significant
tumour burden were typically put to sleep. During
this time, the injection sites were surgically examined
to ensure that no tumour had formed.

Statistical analysis

Unless otherwise specified, Student’s t test was
used to evaluate significant differences between 2
groups, and ANOVA was used to evaluate differences
among 3 or more quantitative groups. Differences

between groups were considered  statistically
significant when P < 0.05.
Results

EGFR-targeting antibody enhances the
response to talazoparib

The median inhibitory concentration (IC50)
values of talazoparib and cetuximab were tested in a
panel of NSCLC cell lines (adenocarcinoma cells)
(Figure 1A and Table S1). Interestingly, responses to
the two drugs were not consistent across the cell lines
used in our study. We also assessed the expression of
EMT markers in these NSCLC cell lines (Figure 1B),
supporting the potential correlation between cetuxi-
mab activity and the EMT process, as previously

reported. However, EMT markers were not correlated
with talazoparib activity. We chose some cell lines for
further combined treatment study: (1) H23 and H2405
(highly talazoparib-responsive but cetuximab-unres-
ponsive cells); (2) H1666 (moderately talazoparib-
responsive and cetuximab-responsive cells); (3)
HCC827 and H1648 (highly cetuximab-responsive but
talazoparib-unresponsive cells); and (4) H441
(moderately cetuximab-responsive and talazoparib-
unresponsive cells). These cell lines were treated with
monotherapy or cetuximab plus talazoparib over a
wide range of drug concentrations (Figure 1C). Our
data showed that for H23, H2405, and H1975 cells,
talazoparib plus cetuximab treatment did not yield a
stronger inhibitory effect than monotherapy
(talazoparib treatment alone), while for H1666,
HCC827, H1648 and H441 cells, combined therapy
with talazoparib plus cetuximab dramatically
improved the inhibitory effect. Notably, H1666,
HCC827, H1648 and H441 cells were all responsive to
cetuximab and expressed enriched epithelial-like
markers, while H23, H2405, and H1975 cells were not
responsive to cetuximab and expressed enriched
mesenchymal markers.
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Figure 1. Cetuximab and talazoparib have a synergetic effect in NSCLC cells. A. Inhibition of cell growth induced by talazoparib (left y-axis, data presented in
columns) and cetuximab (right y-axis, data presented in a plot) was determined in a panel of NSCLC cell lines and is reported as the IC50 assessed from dose—response curves
from a minimum of three experiments. NSCLC cell lines exhibiting a talazoparib ICso < 10 pM, highly responsive; ICso =10 uM to 30 uM, moderately responsive; ICso > 30 pM,
unresponsive cells, while for cetuximab, ICso < 20 ug/ml, highly responsive; ICs0 =20 to 50 pg/ml, moderately responsive; ICso > 50 pg/ml, unresponsive cells. B. Heatmap
representing the transcript expression of select markers, including vimentin and N-cadherin (VIM and CDH2), FN1, zinc finger E-box binding homeobox 1 (ZEB1), ZEB2, TWIST,
SNAIT, SNAI2, E-cadherin (CDHI), INADL, SCRIB, CRB3, DLGHI, and claudins, as determined by quantitative polymerase chain reaction (qPCR) analysis. Red,
epithelial-associated genes; green, EMT transcription factors; blue, mesenchymal differentiation markers. C. NSCLC cells were treated with increasing concentrations of the
indicated drugs [talazoparib (uM), cetuximab (ug/ml)]. Cell proliferation relative to an untreated control was measured after 4 days using alamarBlue staining. Data are presented
as the mean #* s.d. of six independent biological replicates. P values were obtained using two-way ANOVA followed by a Bonferroni post-test.
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Figure 2. EGFR and PARP blockade increases the CSC subpopulation of NSCLC cells. A. NSCLC cells were treated with cetuximab, talazoparib, or cetuximab plus
talazoparib for 4 days, and the resulting cells were analysed by fluorescence-activated cell sorting (FACS). Each drug was applied at a concentration that resulted in 50% inhibition
of viability, and combined therapy was applied at half the dose of each drug. For H2405 cells, cetuximab was applied at 50 pg/ml. B. Heatmap representing the expression of
selected transcripts in different cell subpopulations, as determined by qPCR analysis. C. NSCLC cells were treated with different drugs on Day 1. Select gene expression was
determined by qPCR analysis after 72 hours. Gene expression was normalized to that of the housekeeping gene B-actin and is expressed as the fold difference relative to that of
the control cells. Data are presented as the mean * s.d. of six independent biological replicates in A and C. P values were obtained using one-way ANOVA followed by Tukey’s
post-test (A, percentage of ALDH+ cells) or two-way ANOVA followed by Bonferroni’s post-test (C). *, P < 0.05; *¥, P <0.01; ***, P < 0.001; **** P < 0.0001.

The dynamics of stem cell-like properties are
impacted by cetuximab and talazoparib. Next, we
investigated whether talazoparib or cetuximab in
combination with talazoparib therapy might affect the
proportion and quantity of cancer stem cells (CSCs) in
NSCLC cell lines. Based on the IC50 values for various
NSCLC cell lines discovered in cytotoxicity assays, the
treatment dose was chosen. Aldehyde dehydrogenase
(ALDH) activity and cell surface CD133 expression
were both used as stem cell markers for NSCLC; as
previously reported, the tumorigenicity of different
cell populations derived from NSCLC cell lines in
vivo was evaluated using the following markers: (1)
CD133*ALDH- cells (enriched mesenchymal-like
CSCs); (2) CD133-ALDH* cells (enriched epithelial-
like CSCs); (3) CD133*ALDH* cells (epithelial-to-
mesenchymal transition-like CSCs); and (4) CD133-
ALDH- cells (differentiated tumour cells, bulk tumour
cells). We validated the tumorigenic capacity of cell
populations obtained from HCC827, H1648, H1666,
H441, and H2405 because the definition of

cancer-initiating cells rests mostly on functional
features. Consistent with earlier results [37], only the
CD133-ALDH- population failed to repopulate the
tumour (Table 1).

The results showed that both EGFR inhibition
and talazoparib treatment affect the dynamics of the
stem cell-like properties of ALDH* cells but not
ALDH- cells. In particular, talazoparib treatment
significantly increased the frequency of CD133
ALDH-* cells, while cetuximab treatment increased
both CD133-ALDH* cells and CD133*ALDH* cells
(the fraction of CD133*ALDH" cells was higher than
that of CD133-ALDH" cells) (Figure 2A and Figure
S1). Moreover, combined therapy with cetuximab
plus talazoparib yielded a stronger enrichment of
both the CD133*ALDH* cell and CD133-ALDH* cell
subpopulations. Interestingly, we did not observe a
significant change in the dynamics of stem cell-like
properties in the H2405 cells after treatment,
suggesting a different mechanism in the cells
expressing high levels of mesenchymal markers.
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Figure 3. Notch signalling is crucial for EGFR/PARP blockade-induced CSC enrichment. A. Heatmap representing the transcript expression of Notch signalling
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Table 1. In vivo Tumor Development Experiments in NOD/SCID

Mice
Tumors detected/injections*

100000 10000 1000
HCC827 CD133*ALDH- 5/5 4/5 4/5
CD133*ALDH* — 5/5 3/5
CD133-ALDH- 1/5 0/5 0/5
Unsorted 5/5 4/5 3/5
H1648 CD133*ALDH- — 5/5 3/5
CD133*ALDH* — 5/5 3/5
CD133-ALDH- 0/5 0/5 0/5
Unsorted 5/5 4/5 4/5
H1666 CD133*ALDH- 5/5 4/5 3/5
CD133*ALDH* — 5/5 4/5
CD133-ALDH- 0/5 0/5 0/5
Unsorted 5/5 4/5 4/5
H441 CD133*ALDH- 5/5 4/5 4/5
CD133*ALDH* 5/5 43/5 2/5
CD133-ALDH- 0/5 0/5 0/5
Unsorted 5/5 4/5 3/5
H2405 CD133*ALDH- 4/5 3/5 3/5
CD133*ALDH* 5/5 4/5 3/5
CD133-ALDH- 0/5 0/5 0/5
Unsorted 5/5 4/5 4/5

*The number of tumors detected divided by the number of injections in mice (N =
5).

Due to the strong correlation between the EMT
process and CSCs [38], in isolated cell subsets, we
further examined the expression levels of mesen-
chymal- and epithelial-associated genes. According to
our findings, the CD133-ALDH* cell subsets expres-
sed more epithelial-related genes than other cell
subsets (Figure 2B). Additionally, the CD133+ALDH-
subpopulations  upregulated alternative =~ EMT
transcription factors and mesenchymal differentiation
markers, while the bulk cells maintained a gene
expression pattern resembling that of their parental
cells. In addition, we found that the CD133*ALDH*
subpopulations expressed both mesenchymal- and
epithelial-like markers, as previously reported [39].
Consistent with the enrichment of CD133*ALDH*
stem-like subpopulations, several NSCLC cell lines,
including H1666, HCC827, H1648 and H441 cells,
showed unchanged expression of epithelial-asso-

ciated genes. While the expression of mesenchymal-
associated genes was upregulated after cetuximab
treatment, talazoparib treatment did not significantly
interfere with the expression of mesenchymal-
associated genes (Figure 2C). Notably, the expression
of the CDH2 gene was upregulated after talazoparib
but not cetuximab treatment in all tested cell lines,
which is consistent with the fact that CD133-ALDH*
stem-like subsets eventually express high levels of
CDH2. Although treatment with cetuximab plus
talazoparib showed a strong synergistic antiprolife-
rative effect in the in vitro assay, this treatment
significantly upregulated the expression of mesen-
chymal-associated genes. The protein expression of
EMT makers CDH1 and VIM in H1648 and HCC827
cells were further confirmed by protein array (Figure
52) and immunofluorescence assays (Figure S3).

Notch receptors play crucial roles in the
enrichment of stem-like cells

Since our research [32, 33] and that of others [12]
has shown that Notch signalling is essential for the
growth of ALDH+ cells in NSCLC, we next examined
the function of Notch signalling in the enrichment of
cancer stem-like cells caused by EGFRi and PARPi.
H1648, Calu-3, H1666, H2122, A549, H1975, and
H?2405 cells exhibited the highest expression of
Jaggedl among the cancer cell lines used (Figure 3A).
Additionally, Notch2 and Notch3 had higher
expression levels than Notchl and Notch4, which is
consistent with a previous study [40]. The target genes
of Notch signalling, HES1 and HEY1, showed
noticeably increased expression following treatment
with cetuximab or talazoparib (Figure 2C). Moreover,
the expression of the HES1 and HEY1 genes increased
after combined treatment with both cetuximab and
talazoparib. Drug-induced ALDH"* cell expansion in
H1666, HCC827, H1648 and H441 cells was
dramatically inhibited after treatment with Notch2
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and Notch3 siRNAs, whereas those treated with
Notchl and Notch4 siRNAs showed negligible
changes (Figure 3B).

EGFR/Notch bsAb enhances the sensitivity of
cancer cells to talazoparib

The above data strongly confirm the efficacy of a
combination of EGFR inhibitors, PARP inhibitors, and
Notch signalling blockers. Previously, two bispecific
antibodies, CT16 and PTJ12 (Figure 4A), were
generated using the "knobs into holes" and CrossMab
methodologies. These bispecific antibodies have a
high affinity for EGFR and Notch2/3, potently
inhibiting ligand binding-induced phosphorylation of
EGFR and downstream signalling and inhibiting
ligand binding to human Notch2 and Notch3
receptors, effectively impairing their reporter activity.
Therefore, we used these bispecific antibodies in this
study based on their established function as potent
inhibitors of ligand binding and signalling activation.

We evaluated the inhibitory efficacy of the
bispecific antibodies against drug treatment-induced
Notch activation. Dual blockade of EGFR and Notch
signalling with bispecific antibodies or combined
treatment with bispecific antibodies plus talazoparib
significantly inhibited drug-induced activation of the
HES1 and HEY1 genes, which are downstream Notch
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signalling molecules in HCC827 and H1648 cells
(Figure 4B). The effect of these antibodies to EGFR
and Notch signalling were further determined by
protein array (Figure S4). Similar results were
obtained in H1666 and H441 cells (Figure S5a). In cell
proliferation assays, a dose-dependent reduction in
proliferation was observed after treatment with the
EGFR-targeting antibody cetuximab and the PARP
inhibitor  talazoparib. Interestingly, significant
inhibition of cell proliferation occurred after treatment
with cetuximab plus talazoparib, and this effect was
even stronger than the antitumour effect of bispecific
antibodies. Combined therapy with bispecific
antibodies plus talazoparib led to a dramatic
inhibition of cell growth (Figure 4C and Figure S5B)
and showed a strong effect on cell apoptosis (Figure
S5C). Notably, in this in vitro assay, bispecific
antibodies plus talazoparib did not show better
antitumour efficacy than cetuximab plus talazoparib
treatment. Next, we sought to confirm the anti-stem
cell effect of these bispecific antibodies plus
talazoparib. In both HCC827 and H1648 cell lines, the
combination of bispecific antibodies and talazoparib
showed a considerable inhibition of the enrichment of
the ALDH* subsets (Figure 4B). We also tested the
anti-stem cell effect of bispecific antibodies together
with talazoparib in H1666 and H441 cell lines (Figure
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Figure 4. Blockade of EGFR, PARP and Notch effectively prevents resistance. A, Schematic representation of CrossMab CT16 and PT]12. B, Cells were treated with
the drugs specified in the figure, and the expression of selected genes was determined by qPCR analysis. Gene expression was normalized to the housekeeping gene B-actin and
is expressed as the fold change compared to that of the control cells. C, NSCLC cells were treated with increasing concentrations of the indicated drugs [talazoparib (uM),
antibodies (ug/ml)]. Cell proliferation relative to an untreated control was measured after 4 days using alamarBlue staining. D, NSCLC cells were treated with different drugs for
4 days, and the resulting cells were analysed via FACS. E, Tumour-bearing mice were treated weekly with cetuximab (30 mg/kg), talazoparib (100 mg/kg), CT16 (30 mg/kg), or
PT]J12 (30 mg/kg) alone or in combination with antibodies plus talazoparib (15 mg/kg + 50 mg/kg), as specified in the figure. n = 8 per group. Data are presented as the mean *
s.d. of six independent biological replicates (B-D). P values were obtained using two-way ANOVA followed by a Bonferroni post-test (B, C) or one-way ANOVA followed by a
Tukey post-test (d). *, P < 0.05; **, P <0.01; ***, P < 0.001; *** P < 0.0001; versus the CTRL.
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S5D) and obtained similar results.

To assess the potential effectiveness of this
multitargeting regimen for NSCLC, we next
compared the antitumour effects of bispecific
antibodies combined with talazoparib in mice
xenografted with either H1648 or HCC827 cells. A
dose of 30 mg/kg was selected for the bispecific
antibodies, as was previously reported. Talazoparib
was given at a dose of 100 mg/kg because, in our
toxicity study, NOD-SCID (nonobese diabetic-severe
combined immunodeficient) mice and BALB/c nude
mice both experienced significant weight loss at a
dose of 125 mg/kg. As shown in Figure 4E, treatment
with the bispecific antibodies CT16 and PTJ12
significantly slowed tumour growth to this volume
for approximately 35 days. In contrast, the
vehicle-treated HCC827 tumours advanced quickly,
reaching a volume of 1,000 mm? in less than 30 days.
Both CT16 and PTJ12 treatments effectively slowed
tumour growth in H1648 tumours for a period of
approximately 60 days. Moreover, cetuximab plus
talazoparib treatment showed antitumour benefits
similar to those of bispecific antibodies. However,
single cetuximab treatment only had a modest
therapeutic effect, whereas single talazoparib
treatment did not exhibit a marked inhibition of
tumour growth in either tumour model. As acquired
resistance ultimately occurs after prolonged exposure
of cancer cell lines to specific drugs, a process in
which an increase in stem-like cancer cells has been
implicated, next, we investigated whether coblockade
of EGFR/PARP activity and Notch signalling would
postpone or stop the development of drug resistance
in vivo. Notably, as shown in Figure. 4E, although a
significant delay in tumour growth was observed in
the HCC827 tumours treated with cetuximab plus
talazoparib for almost 40 days and in the H1648
tumours treated for approximately 50 days, the
tumours subsequently progressed rapidly. This result
suggests the development of variants with acquired
resistance to both EGFR and PARP inhibitors,
consistent with the demonstration that these cells can
regrow in the presence of both cetuximab and
talazoparib. Notably, treatment targeting EGEFR,
PARP and Notch using bispecific antibodies and
talazoparib delayed the rapid development of
resistance for an additional 40 to 50 days, suggesting
significantly enhanced efficacy of the triple-targeting
regimen. Interestingly, although cetuximab plus
talazoparib treatment caused a notable increase in the
fraction of stem cell-like cells, this combined
treatment induced a strong initial response of
monolayer cultured cells in the in vitro assays, with
25% and 9% inhibition of cell proliferation. The
antitumour efficiency of cetuximab plus talazoparib

in primary tumours was further verified using in vivo
models of HCC827 and H1648 tumours, further
supporting the therapeutic value of this combination.
Blockade of EGFR and Notch signalling with
bispecific antibodies or combined treatment with
bispecific antibodies plus talazoparib significantly
inhibited drug-induced activation of the Notch2 and
Notch3 cleavage (Figure S6A), and also significant
decrease the fraction of ALDH* cells (Figure S6B) in
the in vivo treatment of HCC827 and H1648 tumours.

We further evaluated the blockade effect of
bispecific antibodies plus talazoparib on tumour
resistance in the established resistant tumour models.
Cancer cells that underwent EGFR/PARPI treatment
or control cells were retransplanted into a new cohort
of mice, and defined numbers of cancer cells were
observed for the assessment of tumour growth
inhibition in the presence of different antibodies.
HCC827 and H1648 cells with resistance to both
cetuximab and talazoparib were termed 827C, 827T,
1648C, and 1648T cells. Our data suggested that
cancer cells also lost sensitivity to other types of
inhibitors if they obtained resistance to one inhibitor,
and bispecific antibodies showed little benefit in
tumour growth compared to monotherapy in such
situations (Table S2).

Combined therapy with EGFR/Notch bsAb
and PARPi decreases CSC frequency and
delays tumour recurrence after radiation
therapy

We next constructed patient-derived tumour
xenograft (PDX) models in NOD-SCID mice with
minimally passaged human tumours to further
explore the antitumour effects of bispecific antibodies
combined with talazoparib. Engraftment and drug
responses in these mouse models were associated
with clinical outcomes and patient responses after
treatment. In Supplementary Table S2, the histologic
characteristics of the tumours that have been treated
are compiled. Human EGFR, Notchl, Notch2, and
Notch3 mRNA were all expressed in tumours (Figure
5A). A prophylactic dosing regimen was performed in
the initial xenograft studies, and initial treatment with
different inhibitors was applied two days after the
implantation of tumour cells. Our data showed a
decrease in tumour growth in 3 of the 10 NSCLC
tumour xenografts after cetuximab treatment,
whereas 7 of the 10 xenografts were responsive to
talazoparib (Table S3). Cetuximab plus talazoparib
treatment elicited a significantly notable response in
the monolayer cultured cells in vitro and the
xenograft models in vivo, supporting a synergistic
effect of these two agents, and combination therapy
showed more potent antitumour activity than
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cetuximab treatment in the cetuximab-sensitive
NSCLC PDX models, which suggests a specific role of
PARP-EGEFR cross-talk in PDX models (Figure 5B and
Table S4). Our data also showed that the combination
of bispecific antibodies plus talazoparib, but not a
bispecific antibody alone, was particularly effective
for suppressing tumour growth compared with
monotherapy, combined treatment with cetuximab
and talazoparib or individual treatment with
bispecific antibodies in PDX models with sensitivity
to EGFR blockade. The antitumour efficacy of
bispecific antibodies plus talazoparib was not
improved in the tumours that were insensitive to
EGER blockade, corresponding to the high expression
of VIM and FN1 genes and relatively low expression
of CDH1 and CLDN? genes (Figure 5C). In addition,
the results of an immunohistochemical study of
NSL11 tumour showed that cetuximab or talazoparib
resulted in a significant increase in the expression of
VIM and a significant decrease in the expression of
CDH1. On the other hand, treatment with either
bispecific antibodies or bsAb plus talazoparib
significantly reduced VIM expression in the tumor
cells. In previous reports [41], EMT markers have
been reported to be useful in predicting the response
to EGFR inhibitors. Our data suggested that EMT
markers are also associated with sensitivity to the
synergistic effect of bispecific antibodies plus
talazoparib, suggesting that they are valuable markers
in NSCLC. The upregulation of VIM and FN1 gene
expression induced by EGFR blockade and
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upregulation of CDH2 gene expression induced by
talazoparib (Figure 5C and Figure S7) were
significantly blocked by CT16 or PTJ12 (P <0.0001).

Limiting dilution studies were conducted to
evaluate the impact of different treatment regimens
on CSC (TIC) frequency. Defined numbers of human
tumour cells derived from different treatment groups
or vehicle controls were retransplanted into a new
cohort of mice without further treatment to assess
their ability to initiate tumour growth (Figure 6A).
PDXs treated with talazoparib exhibited a 2.2- to
3.0-fold increase in TIC frequency among the tumour
cells. Neither cetuximab nor talazoparib treatment of
NSCLC reduced the tumorigenic cell frequency.
EGFR/PARP inhibitors actually increased tumori-
genicity, while combined therapy with cetuximab
plus talazoparib strongly enhanced tumorigenicity. In
contrast, both CT16 and PTJ12 reduced
tumorigenicity by 1.5- to 4.0-fold in all tumours. Of
note, when talazoparib was added, treatment with
bispecific antibodies plus talazoparib led to a notable
2.4- to 4.5-fold reduction in tumorigenicity in all
tumours.

Since the combination of PARP inhibitors and
radiotherapy may be a promising regimen to locally
enhance DNA damage in tumour cells, we further
assessed the effect of triple-targeting agents on
tumour recurrence after radiotherapy. In our study,
NSCLC tumours were treated with a high dose of
radiation (10 Gy x3), leading to sufficient tumour
regression. However, the surviving tumour cells
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Figure 5. Combined therapy with bispecific antibodies plus talazoparib is effective, as multiple therapies alter tumour cell EMT status. A. Heatmap
representing the expression of selected transcripts in different tumour samples, as determined by qPCR analysis. B. Different treatments inhibited tumour growth in NSCLC
models. Tumour-bearing mice were treated weekly with cetuximab (30 mg/kg), talazoparib (100 mg/kg), CT16 (30 mg/kg), or PTJ12 (30 mg/kg) alone or in combination with
antibodies plus talazoparib (15 mg/kg + 50 mg/kg), as specified in the figure. n = 8 per group. C. qPCR analysis was conducted to determine the expression of selected genes in
NSLI T tumours subjected to different treatments. Gene expression was normalized to that of the housekeeping gene B-actin and is expressed as the fold change compared with
the vehicle group. Data are presented as the mean # s.d. (B) or mean # s.d. of six independent biological replicates (C). P values were obtained using two-way ANOVA followed

by a Bonferroni post-test (B-C); *, P < 0.05 versus the CTRL.
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began to grow into large tumours four weeks after the
cessation of XRT, and the CSC subpopulation was
enriched in the residual tumour cells after irradiation,
with an approximate 2-fold increase in CSC frequency
compared to the vehicle group (Figure 6B-C).
However, although the combination of cetuximab and
XRT led to almost complete tumour regression, the
residual cancer cells were capable of regrowing after
monotherapy with cetuximab. Moreover, after the
combined treatment, the surviving tumour cells
exhibited a significant increase in CSC frequency,
which was approximately 2-fold greater than that in
the group treated with XRT only. In addition, the
regimen of talazoparib plus cetuximab delayed the
occurrence of tumour regrowth by 9 weeks after the
cessation of XRT, reducing the CSC frequency to 30%
relative to that of the XRT group and 60% relative to
that of the XRT + cetuximab group. The therapeutic
efficacy of the bispecific antibodies plus talazoparib
persisted after termination of XRT and antibody
treatments. The triple-targeting treatment reduced the
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proportion of CSCs in the surviving tumour cells and
the tumourigenicity, with a 5-fold and 10-fold
decrease in CSC frequency compared to that in the
vehicle group and the single XRT treatment group,
respectively. Together, these results demonstrate the
efficacy of the EGFR, Notch and PARP triple-targeting
strategy for the treatment of NSCLC tumours,
resulting in inhibition of bulk tumour cell growth and
reduced tumorigenic cell frequency.

Antitumour effect of combination therapy in
pancreatic, ovarian, and breast cancer

We assessed the antitumour efficacy of
triple-targeting therapy in a number of additional
xenografts, such as pancreatic, ovarian, and
triple-negative breast (TNBC) tumours, in addition to
NSCLC tumours. In PN21 (a pancreatic tumour),
ON33 (a serous ovarian tumour), and BN16 (a TNBC
tumour), EGFR/Notch-targeting bispecific antibodies
demonstrated significant efficacy in combination with
the PARP inhibitor talazoparib (Figure SSA). Notably,
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Figure 6. Combined treatment decreases the CSC frequency and has superior antitumour activity when combined with radiation. A, Limiting dilution
analysis of the ability of cells isolated from treated NSCLC tumours to initiate tumour growth in the absence of further treatment after secondary transplantation into a new
cohort of mice. The primary tumour was subjected to different treatments as indicated. The CSC frequency refers to the average number of cells required to cause tumour
growth in the recipient cohort. B, The effect of different drugs [weekly treatment; control IgG (30 mg/kg), cetuximab (30 mg/kg), talazoparib (100 mg/kg), CT16 (30 mg/kg), PTJ12
(30 mg/kg), and combined therapy with cetuximab/talazoparib, CT16/talazoparib, or PTJ12/talazoparib (15 mg/kg + 50 mg/kg)] on NSCLC NSL33 tumour recurrence after
discontinuation of XRT (weekly 10 Gy for 3 weeks). n = 8 per group. C, The effect of different treatments on CSC frequency in NSL33 tumours at the end of the in vivo study.
Data are presented as the mean # s.d. (B) or mean * upper/lower limits (A and C). P values were obtained using two-way ANOVA followed by a Bonferroni post-test at Day 95
(b) or using one-way ANOVA followed by a Tukey post-test (A-C); *, P < 0.05 versus the CTRL Ab (B) or vehicle.
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in PN21 tumours, PTJ12 plus talazoparib treatment
reduced the CSC frequency to 80% compared to that
in the control group, whereas enriched CSCs were
found among the residual tumour cells after
talazoparib treatment, with an approximately 1.5-fold
increase in CSC frequency compared to that in the
control group (Figure S8B). Notably, talazoparib and
bispecific antibodies together reduced tumorigenicity
and the frequency of CSCs in residual tumour cells,
with a 7-fold decrease in CSC frequency compared to
that of the group receiving talazoparib alone. ON33
and BN16 xenografts showed comparable outcomes
(Figure S8B). Overall, the results show that the
EGFR/Notch/PARP triple-targeting strategy has
promise for the treatment of a variety of solid
tumours.

Discussion

A large family of proteins known as poly
(ADP-ribose) polymerase (PARP) is involved in
numerous cytoplasmic and nuclear activities in cells
[42]. The most prevalent of these, PARP-1, is a
poly-ADP-ribosylating (PARylating) chromatin-asso-
ciated enzyme that plays a role in DNA damage
repair, transcriptional control, genomic stability, cell
transformation, and cell death [43, 44]. Since its
discovery, most studies have examined the role of
PARP-1 in sensing and repairing DNA damage [45].
PARP-1 was found to bind to damaged DNA strands
through N-terminal zinc-finger motifs, followed by
activation of the C-terminal catalytic domain, which
then hydrolyses NAD+ and generates poly ADP-
ribose (PAR) chains [46]. Nonetheless, interest in the
role of PARP-1 in gene regulation has substantially
grown over the past decade [47, 48]. PARP-1 was also
reported to contribute to the regulation of mitochon-
drial content and metabolism and to the production of
reactive oxygen species (ROS) through its control over
NAD* levels and some key metabolism-related
transcriptional regulators, including NRF2[49]. PARP
inhibitors have been shown to have specific efficacy
against tumours with BRCA1/2 mutations, leading to
the subsequent success of the use of PARP inhibitors
in the treatment of certain tumours with BRCA
mutation and HR deficiency [50]. This advance helped
with the development of other therapeutic agents that
target key nodes in the DDR network, including ATM.
Moreover, the search for specific mutations, the
presence of which determines the activity of certain
drugs, and the exploration of mechanistic
combination therapies are expected to enhance the
activity of these drugs [50]. However, many tumours
lack certain mutations that determine drug sensitivity.
Furthermore, most clinically advanced therapies
using these sensitivity-dependent agents in combina-

tion involve chemotherapeutics that lead to DNA
damage, inhibitors targeting other nodes in the DDR
network, or chromosomal modifiers. However, these
combined strategies may cause increased toxicity not
only to tumour cells but also to normal cells. Clinical
trials using PARP inhibitors combined with
chemotherapeutics, such as cisplatin, gemcitabine,
and temozolomide, have shown exacerbated toxicity,
with the need to decrease the therapeutic dose,
indicating a narrow therapeutic index [50].

Numerous studies have revealed that activation
of EGFR signalling induces multiple cellular stress
responses, including increased oxidative stress,
proliferation, and replication, all of which lead to
DNA damage [51]. Therefore, an enhanced capacity
for DNA damage repair is required for genomic
stability, as EGFR activation provides vulnerability to
therapies targeting DNA damage repair. Notably, the
present study strongly suggests the use of
EGFR-targeting antibodies to potentiate PARP
inhibitor effects: (1) cetuximab and talazoparib
showed synergistic effects both in vitro and in vivo;
(2) cetuximab and talazoparib both influenced the
dynamics of stem cell-like properties but showed
enrichment of different cell subtypes; and (3)
enrichment of cell subpopulations highly expressing
mesenchymal markers was observed under treatment
with EGFR inhibitors but not talazoparib. Therefore,
we demonstrate that targeting oncogenic genes such
as EGFR in cancer cells treated with PARP inhibitors
may potentially improve the therapeutic depth and
duration of PARP-targeting therapies, which also fits
into the exploration of targets in the DNA damage
response (DDR) network for potential cancer thera-
peutic strategies. Previous studies have demonstrated
a synergistic killing effect of combined EGFR and
PARP blockade in cancer cells [52], and our data also
suggest that combination therapy with EGFR and
PARP inhibitors has the potential to be an effective
therapeutic strategy for multiple tumours beyond
hereditary BRCA1- and BRCAZ2-deficient tumours.
Notably, in this report, we use both EGFR wild type
and EGFR mutant cancer cell lines. Although EGFR
mutation which might result in the activation of
ligand-independent tyrosine kinases, these cell lines
may aslo respond to cetuximab EGFR in our results
and previous reports, as EGFR targeting antibody has
several mechanisms: to block ligand-dependent EGFR
signalling, to induce EGFR degradation, and block
EGFR-ERBB interaction, et al. [53].

Interestingly, the present evidence suggests that
PARP or EGFR blockade affects the enrichment and
relative proportion of ALDH* cells among tumour
cells. Moreover, in PDX models, dual targeting of
EGEFR and PAPR further increased the CSC frequency.
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Our data reveal that the combination of CSC-targeting
agents and those targeting DDR-related molecules has
translational potential for the treatment of various
malignancies based on the broad application of these
therapeutic strategies in clinical practice. Moreover,
the study proposed a specific mechanism of Notch
signalling inhibition that prevents acquired resistance
not only to individual EGFR inhibitors but also to
PARP blockers.

Conclusion

Our results initially uncovered the significance
of the combined therapy of cetuximab plus
talazoparib in promoting the eventual enrichment of
stem-like cells and EMT, although the pharmaco-
logical combination of cetuximab and talazoparib
showed a strong antitumour effect in vitro. We
suggest that coblockade of EGFR and Notch
signalling can effectively suppress both bulk tumour
cells and CSCs, which also promotes the response
after PARP blockade in different cancer cell lines and
PDX tumour models. Our results support the notion
that PARP inhibitors administered in combination
with immunotherapy using EGFR/Notch bsAbs have
broad potential for the treatment of various tumours
beyond hereditary BRCAIl-deficient and BRCA2-
deficient tumours, including lung cancer.
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