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1 | INTRODUCTION

Radiotherapy-induced lung injury is a dose-limiting complication
resulting in loss of pulmonary function occurring in as many as 30% of
patients with thoracic cancer. It negatively affects the quality of life
and requires de-escalation treatment, which lowers the probability of
tumor control.

Radiation therapy induces DNA damage response (DDR), produc-
tion of reactive oxygen species (ROS), and cell death and leads to the
initiation of an acute inflammatory response called radiation pneumo-
nitis, which can persist and progress into a late irreversible and pro-
gressive remodeling leading to a reduction of lung volume and lung
function.? Lung irradiation leads to a dose-dependent decrease of the
lung epithelial colony-forming ability, suggesting a functional impair-
ment of lung stem cell renewal and repair after radiotherapy.® Surviv-
ing lung stem cells repair DNA damage through the error-prone
nonhomologous end joining (NHEJ) pathway. Thus, subsets of surviv-
ing airway progenitors may accumulate mutations contributing to pul-
monary disease and oncogenic transformation.*

The human bronchial airway epithelium is a pseudostratified epi-
thelium composed of a luminal layer, containing the differentiated cili-
ated and secretory cells, and a basal layer containing the bronchial stem
cells.® The integrity of the bronchial luminal lining is important for the
mucociliary clearance of the lung, where mucous and ciliated cells move
trapped pathogens out of the lung as air moves in, while the stem cells
retain the self-renewal capacity and promote the replacement of dam-
aged cells.® The epithelial cells have a low turnover, however, after
chemical or pathogen injury, lung stem cells proliferate to repopulate
the damaged area.””? An imbalance in the percentage of these cell
types gives rise to progressive diseases such as chronic obstructive pul-
monary disease (COPD), asthma, and emphysema.*®

There is increasing evidence that self-renewal and differentiation in
the lung epithelium are dependent on NOTCH signaling.'* NOTCH
receptors are transmembrane glycoproteins that interact with
membrane-bound ligands on neighboring cells. The mammalian genome
encodes for four NOTCH receptors and five NOTCH ligands (JAGGED1
and JAGGED?2 or DELTA1, DELTAS3, and DELTA4).*? Upon ligand bind-
ing on adjacent cells, NOTCH receptors undergo two consecutive cleav-
ages. The first cleavage releases the NOTCH ectodomain and is
followed by the intramembranous and rate-limiting cleavage by the
y-secretase complex.'® The y-secretase releases the NOTCH intracellu-
lar domain from the cell membrane, which translocates into the nucleus
and binds the DNA-bound protein CSL (Suppressor of Hairless, Lag-1,
also called RBP-Jk), and together with the Mastermind (MAML)
coactivators, forms the NOTCH transcriptional complex.

NOTCH receptors are expressed during fetal lung development
and regulate cell fate determination and branching along the proximal-
distal axis.2* In the postnatal lung, NOTCH restricts basal cells to secre-
tory lineages, suppressing ciliated cell differentiation. Furthermore, the
maintenance of secretory cells requires NOTCH signaling as blocking
JAGGED1/2-NOTCH pathway can transdifferentiate secretory into cili-
ated cells without proliferation.'> NOTCH receptors have different

Significance statement

Radiation-induced lung injury is a dose-limiting toxicity that
limits the effective dose that should be administered and
forces the interruption of the treatment. The NOTCH signal-
ing pathway is a potential therapeutic target for lung cancer
because its inhibition reduces tumor growth and synergizes
with radiotherapy and chemotherapy in preclinical models.
However, the effect of inhibiting NOTCH in irradiated normal
lung tissue is not known and could impact the therapeutic
benefit of combination treatments. This study demonstrates
that small-molecule inhibitors of the NOTCH pathway
enhance the survival of irradiated primary human and murine
bronchial epithelial lung stem cells. This finding may be bene-
ficial in lung cancer treatment with radiotherapy and NOTCH
inhibitors by protecting normal lung tissue while increasing
tumor control.

roles in the homeostasis of the adult airway epithelium. NOTCH1 is
essential for club cell regeneration through activation of its down-
stream targets HES5 and PAX6,'¢ and it is involved in lung develop-
ment upon injury. NOTCH2 contributes to the alveolar integrity of
epithelial and smooth muscle layers and leads to predetermined hetero-
geneity among basal cells of the mouse tracheal epithelium that regu-
lates the differentiation of the progenitors into ciliated cells,”:*8
NOTCHS3 regulates pulmonary endocrine cell fate!” and as well as the
pool of progenitor cells available for neuroendocrine differentiation.*®

NOTCH signaling is deregulated and mutated in many types of can-
cers including lung cancer.?® High expression of NOTCH1 and NOTCH3,
ligands, and target genes is correlated with worse survival in resected
nonsmall cell lung cancer (NSCLC).2*2® Preclinical studies showed that
NOTCH1 stimulated NSCLC tumor growth and survival through
upregulation of the insulin-like growth factor 1 receptor®* and survivin®®
in hypoxia. Constitutive NOTCH signaling promotes tumor growth of
NSCLC xenografts and resistance to radiotherapy in part by promoting
the survival of the treatment resistance hypoxic tumor fraction,?® induc-
ing radiation sensitivity to small-molecule NOTCH inhibitor/y-secretase
inhibitor (GSI).2> NOTCH signaling has recently been shown to directly
regulate the DDR. NOTCH1 binds to ATM ataxia telangiectasia mutated
through direct competition with FOXO3 which is necessary for ATM
phosphorylation and activation, preventing apoptosis of T-cell leuke-
mia.2”28 These results suggest that NOTCH inhibition and radiation ther-
apy may be effectively combined in the treatment of NSCLC.

However, the effects of NOTCH inhibition on the homeostasis
and pathological response of the normal lung epithelium when com-
bined with irradiation are unknown and could counteract any positive
therapeutic effect on tumor control. Here, we investigated the effect
of NOTCH inhibition on the proliferation and differentiation of irradi-
ated primary human and murine bronchial epithelium using air-liquid

interface (ALI) culture systems.
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2 | MATERIALS AND METHODS

2.1 | Primary bronchial epithelial cells

Primary human bronchial epithelial cells (PBECs) were kindly pro-
vided by the Primary Lung Culture facility MUMC+ (Maastricht, the
Netherlands). Lung tissue used for the isolation of PBECs was
obtained from the Maastricht Pathology Tissue Collection (MPTC)
and originated from tissue resected during lobectomies or pneumo-
nectomies of patients who underwent surgery for lung cancer (six dif-
ferent donors PUL# 112, 119, 109, 123, 127, 152). Collection,
storage, and use of tissue and patient data were performed in agree-
ment with the “Code for Proper Secondary Use of Human Tissue in
the Netherlands” (http://www.fmwv.nl). The scientific board of the
MPTC approved the use of materials for this study under
MPTC2010-019. In addition, formal permission was obtained from
the local Medical Ethic Committee code 2017-0087, and patients
have provided written consent to the use of the material for research.
PBECs passage 1 was grown in keratinocyte serum-free medium sup-
plemented with 1 mM isoproterenol, mycozap, 2.5 ng epidermal
growth factor and bovine pituitary extract. Cells were seeded in
fibronectin-coated flasks. Soybean trypsin inhibitors from Glycine
max were used to resuspend the cells after trypsinization. Cells were
collected by centrifugation, 5 minutes at 150 RCF and counted with
an automatic counter (Beckman Coulter).

22 |
culture

Airway epithelium differentiation in ALI

Isolated PBECs were seeded onto 12-mm transwell membranes with
0.4-um pore polyester membrane inserts (Corning Incorporated, Corn-
ing, NY) (90 000 cells/transwell in 500 pL) in stimulation medium.
Stimulation medium contained bronchial epithelial cell growth medium
(BEGM) (Lonza ee-3171) and Dulbecco's modified Eagle medium
(no glucose) (Gibco 11 366-025), supplemented with Pen/Strep,
HEPES, BEGM Single Quot Kit (Lonza 4175), and bovine serum albu-
min (BSA). PBECs were submerged by adding 500 pL of cells in the
insert and 1.5 mL of stimulation medium at the bottom. PBECs were
cultured in the stimulation medium at 37°C in 5% CO, humidified
incubator. Stimulation medium was replaced every 2 days until cells
reached confluence. After cells reached confluence, the medium was
removed from the insert and only supplied in the basal chamber. Reti-
noic acid (RA), in a final concentration of 50 nM, was supplemented to
the BEGM. Cells received ALl treatment by only adding stimulation
medium (+RA) to the basal chamber of each well (1 mL/well).

2.3 | Mice studies
C57BI/6 mice were used in this study. Animal work was performed
in accordance with national guidelines and approved protocols

(# 2014-116). Animals were randomized (n = 12) across no irradiation
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or whole thorax irradiation with a single dose of 2 or 5 Gy (dose rate
3 Gy/min) using the X-RAD 225Cx small animal irradiator (PXI,
250 KeV, 12 mA, 0.3-mm copper filter). Two opposite and parallel
beams were used to deliver the dose in a 40-mm? collimator with
main target the trachea. Mice were sacrificed (n = 6) 24 hours after
radiotherapy (RT) or 7 days after RT, tracheas were isolated and
PBECs harvested and seeded in the ALI system.

The remaining materials and methods used in the manuscript are
described in Data S1.

3 | RESULTS

3.1 | Human PBEC differentiation in ALI

To investigate the combined effects of irradiation and NOTCH inhibi-
tion on primary human lung epithelium in vitro, we established ALI
cultures from PBECs from at least three human donors. We fully char-
acterized PBEC cultures by investigating the expression of basal
(TP63, CK5) and suprabasal differentiation markers for secretory cells
(MUC5A, MUC1) and ciliated cells (Acetylated Tubulin [Ac-TUB]) and
proliferation (5-ethynyl-2-deoxyuridine [EdU]) for a period of 28 days
after airlift by Western blotting and immunofluorescence. At the start
of PBEC cultures, all cells express the basal makers TP63 and CK5 and
around 10% of TP63+ cells are proliferating (Figure 1A,C). Western
blot for TP63 and CK5 markers showed that basal stem cells decrease
during differentiation until day 28 (Figure 1A). Differentiated mucous
cells appear 1 week after airlift and ciliated cells 2 weeks after airlift
and cultures are fully differentiated at day 21 (Figure 1A). A similar
pattern was observed in two other donors (Figure S1A). Costaining of
TP63 and MUCS5A showed that at day O no differentiated cells are
present while at day 28, 20% of the cells are positive for MUC5A,
30% percent positive for Ac-TUB, and 30% positive for TP63
(Figure 1B,C). At the time of airlift, 10% of cells proliferate with a mild
increase in the first 7 days. Proliferation ceases on day 21 when the
cultures are completely differentiated (Figure 1B,C). All the EdU+ cells
were TP63+ suggesting that only the basal stem cell proliferates.
Immunofluorescence and Western blot analysis on protein extracts at
the same time points showed the same trend in marker expression for

at least three independent donors.

3.2 | NOTCH inhibition increases TP63+ basal
stem cells

Next, we asked how NOTCH signaling affected cell fate decisions in
differentiated PBECs by assessing the expression of basal and differ-
entiated bronchial epithelial cell markers at several time points after
incubation with the pan-NOTCH inhibitor/GSI dibenzazepine (DBZ)
21 days after airlift. We observed a temporal increase in the expres-
sion of TP63, CK5 (basal cells), and Ac-TUB (ciliated cells) protein
levels with concomitant downregulation of MUC5A (secretory cells) in

ALI protein extracts (Figure 2A). Similar results were obtained in two
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FIGURE 1 Proliferation and differentiation of human PBECs in ALI culture. A, Western blot of the time-dependent expression (days) of basal stem

cell markers (TP63 and CK5) and differentiation markers Ac-TUB (ciliated cells) and MUC5A (mucous cells) after airlift in ALI culture. Lamin A was used as
loading control. B, Immunofluorescent costaining of PBECs at day O and day 28 for TP63, MUC5A; Ac-TUB, and proliferation with EdU. C, Quantification
of TP63+, Ac-TUB+, MUC5A+ and EdU+ cells in ALI system. For each staining condition, we randomly selected five different fields. The cells in these five
fields were then counted to obtain a total of 500-1000 cells per condition (100-200 cells per image). Stainings with TP63, Ac-TUB, MUCS5, and EdU were
captured using a x20 objective. The Z-stack was used as the image in the paper. Image-J was used to count the positive cells and the foci in the nucleus.
Comparable results were obtained in at least three independent donors. All scale bars are 1 pm. Ac-TUB, Acetylated Tubulin; AL, air-liquid interface;

PBECs, primary human bronchial epithelial cells

different donors (Figure S2A). To address if these changes were cau-
sed by a change in protein expression or cell numbers, we conducted
immunostaining for the same markers and found that TP63+ and cili-
ated cell numbers significantly increased after NOTCH inhibition
while MUC5A+ cells decreased (Figure 2B,C). To address if the
increased percentage of TP63+ cells was due to increased prolifera-
tion or decreased cell death, we performed EdU/TP63 costaining to
identify actively proliferating cells. We found that NOTCH inhibition

significantly increased the number of TP63+ cells in a time-dependent
manner compared with vehicle controls (Figure 2D,E). At day 28, we
observed an average of fivefold increase in proliferating TP63+ cells
compared with control cell cultures that had completely ceased prolif-
eration. The absolute number of PBECs in these cultures was
increased by GSI treatment (Figure S2B). No EDu+ cells were
observed that were also positive for MUC5A or Ac-TUB differentia-

tion markers. Similar results were observed for three donors
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FIGURE 2 NOTCH inhibition promotes basal and ciliated phenotypes in ALI cultures. A, Increase of basal stem cell markers (TP63 and CK5)
and ciliated (Ac-TUB) and decrease of secretory (MUC1) cells at days 22, 24, and 28 upon NOTCH/y-secretase inhibition for 1, 3, and 7 days,
respectively. Lamin A was used as loading control. Immunofluorescent staining of PBECs at days 24 and 28 stained for, B, TP63 and MUC5A or
for, C, Ac-TUB with and without GSI. D, Immunofluorescent staining of PBECs at days 22, 24, and 28 stained for TP63 and EdU with and without
GSI. E, Quantification graphs of the percentage of TP63+ and EdU+/TP63+ cells at days 22, 24, and 28 with and without GSI. N = 3 biological
repeats per donor (three donors). One-way ANOVA: *P < .05; **P < .001; ***P < .0001. All scale bars are 1 pm. Ac-TUB, Acetylated Tubulin; ALI,
air-liquid interface; ANOVA, analysis of variance; GSlI, y-secretase inhibitor; PBECs, primary human bronchial epithelial cells

(Figure S2B). Taken together, our results show that multipotent
human TP63+ cells, in fully differentiated primary cultures, can be
restimulated to proliferate and generate ciliated cells and block the
formation of MUC5A+ secretory cells when NOTCH signaling is
blocked.

3.3 | NOTCH inhibition prevents the loss of stem
cells upon radiation

To address the role of the NOTCH signaling in cell fate decisions in
response to ionizing radiation, we investigated the expression of the
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different cell type-specific markers on protein level at different time
points after irradiation in differentiated ALl cultures. For this purpose,
we conducted different treatment schedules of GSI treatment in combi-
nation with irradiation at 4 Gy. This dose of radiation was chosen
because 4 Gy irradiation significantly affects the self-renewal of irradi-
ated human and murine basal cells in monolayer culture.?’ As shown
before, GSI consistently increased the expression of TP63, CK5, and Ac-
TUB in nonirradiated ALI cultures. After 4 Gy irradiation, a reduction in
the expression of TP63 and CK5 was observed at 24 and 72 hours after
irradiation (Figure 3A). The expression of the ciliated cell marker was
not affected up to 72 hours postirradiation. When PBECs were cultured
with GSI 2 days prior to irradiation, the reduction in TP63+ expression
was strongly blocked at all time points as shown by Western blotting
(Figure 3A) and immunofluorescence (Figure 3B) indicating that GSI

(A) N
0 d21 +1 +24 +72 hours
r—
GSI

OoRY

/ Edu

*kk
100- Kk
o 804 *
8
O 50
™
0
& 40
=
" 20
e A
(]
g o 2
(&)

GS| + 4Gy

increased the survival of basal TP63 expressing cells after irradiation.
Furthermore, mucous cells were drastically reduced upon GSI treatment
alone and when combined with irradiation (Figure 3C). We quantified
these differences and found that there was a rescue and significant
increase of TP63 basal stem cells in 3D stratified ALl cultures when
NOTCH signaling was blocked (Figure 3D).

3.4 | Long-term effects of NOTCH inhibition on
self-renewal and differentiation of bronchial epithelium

Next, we asked whether the short-term increase in survival of irradi-
ated bronchial stem cells upon NOTCH inhibition also translated into

a long-term in vitro and in vivo ability to repopulate and differentiate
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FIGURE 3 NOTCH inhibition prevents the loss of TP63+ basal stem cells after radiation. A, Expression of TP63, CK5, Ac-TUB 1 hour, 24 hours, and

3 days after RT of PBECs upon continuous vehicle or GSI treatment by Western blot. Lamin A was used as loading control. B, Immunofluorescent
costaining of TP63 and EdU showed increased proliferation of TP63+ basal cells 3 days after irradiation upon GSI treatment. C, Immunofluorescent
costaining of TP63 and MUC5A in control and GSl-treated samples with and without irradiation. D, Quantification graph of the percentage of TP63+ cells
in irradiated samples upon GSI treatment. N = 3 biological repeats per donor. One-way ANOVA: *P < .05; ***P < .0001. All scale bars are 1 um. Ac-TUB,
Acetylated Tubulin; ANOVA, analysis of variance; EdU, 5-ethynyl-2-deoxyuridine; GSI, y-secretase inhibitor; PBECs, primary human bronchial epithelial cells
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in ALl cultures. In 2 and 4 Gy irradiated cultures at 14 days after irra-
diation (Figure 4A), we observed a dose-dependent decrease in the
expression of TP63, CK5, and Ac-TUB and the secretory marker
MUCT1 (Figure 4A). In contrast, in irradiated PBECs in which NOTCH
signaling was blocked, a robust radiation dose-dependent increase in
the expression of basal markers TP63, CK5 was observed comparable
to short-term effects. We demonstrated a NOTCH-dependent

increase in Ac-TUB expression and a decrease in MUC1 expression.

TRANSLATIONAL MEDICINE

Next, we sought to address if NOTCH inhibition would also affect
long-term survival of in vivo irradiated bronchial epithelial stem cells.
We used conformal thoracic irradiation with two opposite beams to
deliver a 2 and 5 Gy dose to the whole lung of C57BI/6 mice and iso-
lated PBEC from tracheas at 1 and 2 days after RT and cultured them
in ALI.2? We asked whether NOTCH inhibition using GSI, before-after
airlift or continuously affected the response of lung epithelial cells to
RT (Figure S3A). Regardless of the timing or the dose of GSI, we found
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FIGURE 4 NOTCH inhibition increases the proliferation of irradiated TP63+ cells. A, PBECs were grown in ALl in the presence of vehicle
or GSI for 14 days prior to 2- or 4-Gy irradiation at day 14. Cell collection was at 28 days after airlift. No GSI or vehicle was added after
irradiation. Protein expression of epithelial lung cell markers TP63, Ac-TUB, and MUC1. Lamin A was used as loading control. B, Ac-TUB
showed increased percentage of TP63 when NOTCH was inhibited in primary murine stem cells after in vivo irradiation. This effect was time-
dependent. Longer incubation with NOTCH inhibitors resulted in increased percentage of TP63+ cells. C, Quantification of TP63+ cells in
irradiated mice 2 and 5 Gy. N = 3 biological repeats per donor. Statistical analysis was one-way ANOVA: **P < .001; ***P < .0001. All scale bars
are 1 pm. Ac-TUB, Acetylated Tubulin; ALI, air-liquid interface; ANOVA, analysis of variance; GSI, y-secretase inhibitor; PBECs, primary human

bronchial epithelial cells
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that NOTCH inhibition significantly promoted the expansion of irradi-
ated TP63+ basal stem cells (Figure 4B) and ciliated cells (Figure S3B).
When using immunofluorescence and confocal staining of ALI epithe-
lia to quantify the TP63+ cell numbers upon 2-Gy irradiation, we
observed that the TP63+ cell numbers increased from 40% in CTRL
samples to 50% in GSI-CTRL, 66% in CTRL-GSI, and 70% when GSI
was given continuously (P <.001). Similar results were observed in
the ALl's derived from 5-Gy irradiated mice (Figure 4C). The increased
percentage of murine basal stem cells upon NOTCH inhibition was
also observed in ALI system cultures derived from nonirradiated con-
trol mice like for the human PBECs (Figure S3C).

3.5 | NOTCH inhibition increases the percentage
of living cells and reduces cell death

We next asked if the rescue of radiation-induced loss of TP63 basal
stem cells by NOTCH inhibition could be explained by reduced cell

death. We, therefore, measured the percentage of living cells 3 and
7 days after irradiation at day 21 in culture when all cells are
postmitotic (Figure 5A). A dose-dependent decrease of living cells was
observed upon irradiation which increased from three (from 36% at
0 Gy to 28% at 4 Gy, P < .001) to 7 days post-RT (from 40% at O Gy
to 20% at 4 Gy, P <.001). No significant difference was observed
between nonirradiated samples whereas a significant increase in living
cells was observed when NOTCH inhibition was combined with irradi-
ation at both 3-day and 7-day postirradiations (from 24% to 32% at
2 Gy and from 20% to 26% at 4 Gy, P < .001) (Figure 5A). To address
whether this increase in the total number of living cells was linked to
reduced apoptotic cell death, we analyzed expression and activation
of the proapoptotic proteins cleaved CASPASE-3 by Western blot
24 hours and 3 days after irradiation. We found that NOTCH
inhibition suppressed both basal- and radiation-induced cleaved
CASPASE-3 (Figure 5B) and inhibited the induction of tumor suppres-
sor protein TP53 and its downstream target cyclin-dependent kinase
p21¢P® (Figure 5C). Comparable results were obtained in two other
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FIGURE 5

NOTCH inhibition increases the percentage of living cells and reduces Caspase 3, TP53, P21 levels. A, PBECs were grown for

28 days in ALl and treated with dimethyl sulfoxide (DMSO) and GSI, from day 19 to 21, for 48 hours. Cells were irradiated with 2 and 4 Gy at
21 days. The percentage of living cells was measured after 3 and 7 days. B, Caspase 3 Western blot 1, 24, and 72 hours after RT. C, TP53 and
P21°" blot 72 hours post-RT. D, 50 000 cells at the 21st day after airlift were harvested and seeded for three passages and the number of living
cells was measured. N = 3 biological repeats per donor. Statistics for one-way ANOVA: *P < .05; **P < .001; ***P < .0001. Ac-TUB, Acetylated
Tubulin; ALL, air-liquid interface; ANOVA, analysis of variance; GSI, y-secretase inhibitor; PBECs, primary human bronchial epithelial cells



NOTCH SIGNALING IN IRRADIATED LUNG STEM CELLS

s STEM CELLS 807

independent donors (Figure S4A). To investigate whether the
decrease in proapoptotic signaling translated into increased survival
and self-renewal, ALl cultures were treated with GSI, irradiated at day
21 and reseeded thereafter in 2D. Cell growth was measured upon
repeated passaging. Consistently, 99% of cells are positive for TP63
and negative for differentiation markers (Ac-TUB and MUC5AC). We

observed a significant increase of living cells in the first and second
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reseeding when NOTCH was inhibited and combined with irradiation
(2-4 Gy) compared with control cells (P < .05) (Figure 5D). After pas-
sage 3, however, there was a significant reduction in self-renewal
capacity and significant differences between control and GSI-
irradiated cultures were lost. These results suggest that irradiated
TP63+ cells are capable of increased self-renewal upon NOTCH

inhibition.
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3.6 | NOTCH inhibition enhances the DDR

and decreases double-stranded DNA breaks

Radiation triggers activation of the DDR which can provoke a
TP53-dependent growth arrest and cell death. Activation of the
DDR through phosphorylation of ATM triggers the phosphoryla-
tion of 53BP1, which is recruited to the double-strand breaks in
the DNA. We observed that irradiation of PBEC cultures after
21 days in cultures led to an immediate induction of phosphory-
lated ATM and activated checkpoint signaling. This increase in
pATM/ATR was further increased when cells were cultured in the
presence of GSI (Figure 6A). Consistently, the activation of down-
stream kinases pCHK2 and pCHK1 was observed at 24 hours and
continued up to 3 days after irradiation in addition to the GSI
induced rescue of TP63 expression (Figure 6A). We also noted
increased expression of the homologous recombination (HR) pro-
tein RAD51 showing that ongoing double-stranded DNA break
repair is enhanced upon NOTCH inhibition (Figure 6A). We next
determined the induction of 53BP1 at two different time points
after irradiation, 24 hours and 3 days after irradiation. Confocal
imaging of 53BP1 foci in the nucleus demonstrated that upon irra-
diation, there was a dose-dependent increase in nuclear 53BP1
foci in TP63+ progenitor cells and reduced 53BP1 when irradiation
was combined with NOTCH inhibition (Figure 6B) at 24 hours and
maintained at least 3 days after irradiation (Figure 6C). The accu-
mulated observations suggest that irradiated basal stem cells in a
multilayer epithelium are better protected against the damaging
effects of radiation in part by enhanced activation of the DDR and
DNA repair.

3.7 | NOTCH inhibition improves the integrity
of irradiated lung epithelium

To investigate if the increased number of TP63+ basal stem cells upon
irradiation when NOTCH signaling is blocked also improved protec-
tion of the epithelium cells from the radiation damage, we measured
the transfer of dextran-FITC through the ALI epithelium as a measure
of epithelial barrier integrity. Dextran-FITC transfer from the top to
the bottom of the culture was enhanced in irradiated cell cultures
indicating epithelial leakage. However, when irradiated cultures were
pretreated with NOTCH inhibitors, the transfer of dextran-FITC was
significantly reduced (Figure 7A). These results suggest that GSI-
treated cultures may result in less epithelium damage when compared
with irradiated cultures, resulting in less dextran transfer. We per-
formed Western blots for ZO1, CD2AP, and AFADIN in three differ-
ent donors to evaluate the effect of NOTCH inhibition on the
expression of tight junction markers at 0-, 2-, and 4 Gy irradiation. We
observed upregulation of ZO1, CD2AP, AFADIN when NOTCH was
inhibited which sustained when combined with irradiation. Taken
together these results show that NOTCH inhibition can prevent the
loss of basal stem cells after irradiation and that, under these condi-
tions, the epithelium is more effectively repaired through repopulation

of the damaged areas, covering the denuded areas.

4 | DISCUSSION

In the present study, we used patient-derived primary lung epithelial

cultures to study the role of NOTCH signaling in the response of stem

FIGURE 7 NOTCH inhibition improves
the epithelial integrity in irradiated samples
Quantification graph of dextran absorbance
in samples treated with and without GSI,

2 days prior RT performed at day 21. N = 3
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one-way ANOVA: *P < .05; **P < .001.
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cells and differentiated bronchial epithelium to irradiation. Our results
show that physiological NOTCH signaling in PBECs and murine bron-
chial epithelial cells attenuates the DDR and the proliferative capacity
and viability of irradiated lung progenitors in an ALI culture system of
primary cells. NOTCH inhibition promotes the survival of irradiated
basal stem cells, retains their capacity to differentiate, and improves
epithelial barrier integrity after irradiation.

The importance of investigating the effects of NOTCH inhibitors
on lung model systems arises from the need to develop approaches to
reduce adverse effects in lung cancer patients treated with radiother-
apy as part of their first-line treatment. Radiation-related toxicity is
also a strong dose-limiting factor in terms of long-term survival and
quality of life in patients receiving thoracic irradiation as part of their
cancer treatment.2 Most lung cancer patients often suffer from com-
orbidities such as chronic obstructive pulmonary disease (COPD),
which further reduces their tolerance to combination treatment and
probability for tumor control.*® Treatments reducing or preventing
stem cell loss or approaches that allow repair of the damaged epithe-
lium post-treatment may reduce these radiation side effects.

NOTCH is a master regulator of cell fate in embryonic, fetal, and
adult tissues controlling proliferation cell death and differentia-
tion.3%32 The NOTCH pathway is essential at multiple stages of devel-
opment and controls stem cell numbers and activity in the context of
age-related tissue regeneration and repair.>® Finn et al showed that
the Delta-like 1 (DLK1)-dependent temporal modulation of the
NOTCH signaling pathway is necessary for the alveolar epithelium
after Pseudomonas aeruginosa induced injury. Thus, DLK1 and NOTCH
signaling components represent potential therapeutic targets for
accelerating repair of the alveolar epithelium and resolving acute lung
injury.3* Inactivation of NOTCH in the intestinal epithelium of mice
results in the loss of the proliferative crypt compartment through inhi-
bition of Bmil. NOTCH and Bmi-1 contribute to the proliferation and
self-renewal of local progenitor cells by regulating the cell cycle pro-
gression via the p16™€42/p19ARF pathway.3> Furthermore, there is
mounting evidence that the NOTCH pathway is deregulated in vari-

3637 and influences

ous types of lung diseases including lung cancer
treatment response to systemic treatments>® as well as radiother-
apy®? making it an attractive therapeutic target in lung cancer. High
NOTCH activity in NSCLC is associated with worse disease-free sur-
vival in patients and increased tumor cell proliferation, greater hypoxic
fraction, and radiation resistance in vivo models.?®> NOTCH drives
tumorigenesis by cell cycle progression and inhibiting apoptosis.
NOTCH1 and NOTCHS3 induce cyclin D1 expression, mediated by
JAGGED1 binding to promote proliferation.®

In our study, we found that the small-molecule inhibitor targeting
NOTCH/y-secretase (DBZ) induced cell proliferation and survival of
bronchial stem cells and ciliary cells while reducing the number of
secretory mucous-producing cells. We observed a differential radia-
tion sensitivity of the main cell types in the ALl system. The stem cells
were the most sensitive cell types, while the mucous cells seemed to
increase upon irradiation and the ciliated cells remained unaffected.

This is interesting as in the intestine NOTCH suppresses goblet
cell differentiation at the expense of absorptive cells,** a phenotype

¥ TRANSLATIONAL MEDICINE

dependent of KLF4, which induces goblet cell differentiation.***? In

line with our study, others have observed a similar role of NOTCH in
regulating stem cell function and hierarchy. Specifically, genetic inhibi-
tion of NOTCH increased mammary stem cell activity, leading to
anomalies in the mammary tissue such as the formation of aberrant
end buds. This suggests a role of endogenous NOTCH signaling in
restricting mammary stem cell expansion.*®

We previously showed that NOTCH signaling is actively
expressed in human and murine basal stem cells and when combined
with irradiation NOTCH inhibition provokes a G1-S phase cell cycle
arrest. Furthermore, NOTCH inhibition in irradiated lung stem cells
results into a greater activation of the DNA damage checkpoint
kinases pATM and pCHK2 and in an increased level of residual 53BP1
foci in irradiated lung basal stem cells, reducing their self-renewal
capacity.?? In our previous study, however, we did not investigate the
combined effects of irradiation and NOTCH inhibition in a more com-
plex polarized and stratified bronchial epithelium where primary basal
stem cells reside, renew, and give rise to differentiated functional
daughter cells. We found that in the postmitotic bronchial epithelium,
NOTCH signaling promotes radiation-induced apoptotic cell death of
lung stem cells resulting in a decrease in epithelial barrier integrity.
Blockade of NOTCH signaling can cause irradiated stem cells to reen-
ter the cell cycle, activate the DDR pathway, and suppress the
proapoptotic pathways to promote their survival and enable their dif-
ferentiation. RAD51 recruitment suggests that NOTCH blockade in
irradiated lung epithelial cells provokes faster DNA repair. This is the
first study to show that inhibiting NOTCH signaling enhances lung
stem cell repair. Recent studies have shown that blocking NOTCH sig-
naling in basal PBECs can prolong their viability to improve in vitro
expansion and ALl culture; however, these expanded basal cell
populations were increasingly impaired in their ability to promote cili-
ary differentiation.**

Prior studies have shown that expansion of progenitor/stem cell
polls in tissues can play an important role as a mechanism to prevent
damage by radiation.*> Although the lung is a relatively quiescent
organ, it shows great ability to proliferate and to repair after exposure
to DNA damaging agents, demonstrating the existence of a highly
active lung stem cell population.*® After injury, progenitor/stem cells
are capable of restoring normal tissue architecture by inducing the
generation of the different cell types within a tissue. NOTCH pathway
inhibition disrupted the normal pattern of lineage segregation upon
injury.*” After SO,-mediated airway epithelial injury, the secretory cell
lineage is stimulated via NOTCH signaling, which induces progenitor
cell self-renewal and differentiation.*®**° Other studies have seen
that ROS trigger the NOTCH signaling pathway by activating NRF2.
Therefore, ROS and NOTCH together mediate progenitor cell self-
renewal through regulating their proliferative capacity.”® We
observed that the loss of TP63 basal stem cells induced by a single
dose of radiation was counteracted by NOTCH inhibition. Further-
more, the increased proliferating cells derived from the combination
of NOTCH inhibitors and irradiation retain stemness capability after
two-cell passaging. Radiotherapy mostly targets dividing cells, such as

the progenitor/basal cells along the upper airway epithelium. To our
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knowledge, this is the first study to test the consequences of adminis-
tering NOTCH inhibition therapy on irradiated normal lung tissue. As
regeneration upon irradiation ensues, we show that PBECs following
anti-NOTCH treatment produce massive amounts of progenitor cells,
whereas the other cell types remain more stable. Thus, we suggest
that basal cells contribute to regeneration and repair of irradiated nor-
mal lung tissue via regulation of the NOTCH pathway.

Human lungs constantly deal with insults from inhaled pollutants
that cause DNA damage. Therefore, lung stem cells need to efficiently
respond to exogenous DNA damage for the proper repair of the epi-
thelial airway after injury. Stem cells require the full DDR machinery
including nucleotide excision repair, base excision repair, HR, and
NHEJ to repair these lesions.>? In response to ionizing radiation, lung
basal stem cells repair induced DNA DSBs by activating the error-
prone NHEJ pathway, allowing basal cells to proliferate after injury.*
Weeden et al found that NHEJ activation was strongly induced
after radiation exposure; however, DSBs were resolved 24 hours
postirradiation. Thereby, residual 53BP1 foci were quantified to ana-
lyze the DNA damage induced by radiation at later time points. Our
53BP1 labeling demonstrated that DBZ-treated PBECs are more pro-
ficient than control cells in repairing radiation-induced DSBs although
we provided no direct evidence for this. The association between
53BP1 activation with DNA repair suggested a model whereby DSB-
repair efficiency is normally limited by NOTCH activity in progenitor
cells. In contradiction with this model, we observed an increased
amount of phosphorylated ATM, which mediates 53BP1 activation, in
cells treated with DBZ. Recent investigations have found that NOTCH
suppresses the activation of the DDR by blocking the activation/
phosphorylation of ATM. Furthermore, NOTCH blockade promoted
ATM-dependent apoptosis in irradiated leukemia cells that rely on the
NOTCH signaling for their survival.?® Further investigations will be
required to unravel the specific role of NOTCH on regulating the
DDR responsible for the protective effects of adding GSI to irradiated
PBECs. For example, our study did not address which NOTCH paralog
is driving these cell fate decisions and protects against radiation-
induced cell loss, since NOTCH inhibitor/GSlI, including DBZ, effi-
ciently target all four NOTCH receptors. Current models suggest that
NOTCH1 and NOTCH2 signaling promote goblet cell fate while
NOTCH3 is more involved in basal cell renewal.*”

More recently multipotent stem cells have been identified at the
bronchiolar alveolar junction stem cells (BASCs) that are involved in
the response to epithelial injury.>>>2 It is not known if these BASCs
have the ability to repair radiation-induced damage of the bronchial
and pulmonary epithelium and whether the primary human TP63+
cells identified here have similar properties.

In conclusion, our study demonstrates a key role of NOTCH signal-
ing in determining the fate of human lung stem cells in a cultured polar-
ized epithelium in response to radiotherapy. NOTCH inhibition
promotes proliferation, stem cell renewal, and differentiation by
suppressing cell death, while increasing the DDR improves epithelial
barrier integrity. While our bronchial epithelial cell model is a simplified
model of the human bronchus, our results suggest that temporal
NOTCH inhibition would be favorable to the repair of the irradiated

epithelium. Further research is needed if NOTCH targeting could be
exploited on opposite sides of the same coin, namely, to inhibit antican-
cer activity and promote treatment resistance while protecting normal
tissue. As such, NOTCH targeting in lung cancer could enhance the
therapeutic benefit of anticancer treatments due to its dual activity as
an antitumor agent and its protective effect on normal tissue.
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