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Abstract. The prognosis for patients with non‑small cell lung 
cancer (NSCLC), a cancer type which represents 85% of all 
lung cancers, is poor with a 5‑year survival rate of 19%, mainly 
because NSCLC is diagnosed at an advanced and metastatic 
stage. Despite recent therapeutic advancements, ~50% of 
patients with NSCLC will develop brain metastases (BMs). 
Either surgical BM treatment alone for symptomatic patients 
and patients with single cerebral metastases, or in combination 
with stereotactic radiotherapy (RT) for patients who are not 
suitable for surgery or presenting with fewer than four cerebral 
lesions with a diameter range of 5‑30 mm, or whole‑brain RT for 

numerous or large BMs can be administered. However, radio‑
resistance (RR) invariably prevents the action of RT. Several 
mechanisms of RR have been described including hypoxia, 
cellular stress, presence of cancer stem cells, dysregulation 
of apoptosis and/or autophagy, dysregulation of the cell cycle, 
changes in cellular metabolism, epithelial‑to‑mesenchymal 
transition, overexpression of programmed cell death‑ligand 1 
and activation several signaling pathways; however, the role of 
the Hippo signaling pathway in RR is unclear. Dysregulation 
of the Hippo pathway in NSCLC confers metastatic properties, 
and inhibitors targeting this pathway are currently in develop‑
ment. It is therefore essential to evaluate the effect of inhibiting 
the Hippo pathway, particularly the effector yes‑associated 
protein‑1, on cerebral metastases originating from lung cancer.
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1. Introduction

Advanced‑stage non‑small cell lung cancer (NSCLC)‑related 
mortality occurs <18  months of diagnosis mainly due to 
metastatic spread (1). A total of ~50% of patients with NSCLC 
develop brain metastasis (BM) (2‑4), mostly in the cerebral 
hemisphere (80%), the cerebellum (15%) and the brainstem 
(5%)  (5). The management of BM includes: i) multimodal 
surgery, the gold standard when there are neurological 
symptoms or <3 BMs (6); ii) radiotherapy (RT); iii) immu‑
notherapy; and iv) tyrosine kinase inhibitors (TKIs) (4). RT 
is inevitably associated with radioresistance (RR). A search 
for prognostic factors in NSCLC has shown that high expres‑
sion of Hippo pathway effectors is associated with decreased 
overall survival  (7). Hippo pathway dysregulation (Fig. 1) 
mediates cancer cell motility and subsequent metastasis 
formation as a drug or RT resistance in several human cancers 
(Fig. 2), including NSCLC (8‑13). In NSCLC, the following 
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events occur: deregulation of the Hippo pathway occurring 
in all NSCLC due to epigenetic dysregulation  (14) and/or 
hypoxia (13), leads to the transformation of healthy bronchial 
epithelial cells into tumour cells  (8,9), and subsequently 
promotes cell motility and subsequent metastasis of bronchial 
origin by hyperactivating the nuclear dbf2‑related (NDR) 2 
kinase and the transcription cofactor yes‑associated protein‑1 
(YAP1), and inhibiting the antimigratory small GTPase 
RhoB (9). BMs of bronchial origin are treated with surgery 
and/or RT, but invariably, RR is established, and it is hypoth‑
esized that the deregulation of the Hippo pathway, which is 
the origin of bronchial cancer and its dissemination, is also 
involved in the RR of these BMs of bronchial origin (4,5). 
This finding suggested that the Hippo pathway is involved 
in the unsatisfactory treatment of NSCLC. Due to the large 
scope of Hippo‑dependent biological implications, elucidating 
the mechanisms of Hippo‑dependent treatment resistance, 
notably RR, in BM from NSCLC is essential. The aim of 
the present review is to emphasize the importance of Hippo 
in RR, providing a comprehensive summary of the literature 
and identifying the underlying mechanism involved in the 
treatment of BM from NSCLC.

2. RR of BM from NSCLC

Biological effects of X‑rays (XRs). Ionizing radiation (IR), notably 
XR, induces single‑strand breaks (SSBs) and double‑strand 
breaks (DSBs) in DNA, ultimately leading to cellular death 
by necrosis, apoptosis or mitotic death (15). One gray (Gy) of 
XR results in >2,000 base damages, 30 DNA‑DNA crosslinks, 
1,000 SSBs and 40 DSBs per cell (16), although only the latter 
are considered lethal (15) and carcinogenic (16). Moreover, there 
are indirect effects due to the radiolysis of water, which creates 
reactive oxygen species (ROS), called the bystander effect, that 
potentiate the effect of IR by increasing the number of DSBs 
and propagating its effects on neighboring cells (17). After irra‑
diation, the majority of lesions are repaired by processes such 
as homologous recombination repair in the synthesis (S)/growth 
(G)2 phase of the cell cycle  (16) and non‑homologous end 
joining (NHEJ) (15) in the G1 phase (16). The first is limited to 
the S and G phases of the cell cycle, and the second is used to 
repair DSBs independently of the cell cycle (15). IR activates the 
kinase activity of ataxia‑telangiectasia mutated (ATM), which 
interacts with a large panel of proteins such P53, Brac2 and 
checkpoint kinase 2 (CHK2) to pause the cell cycle, allowing 
DNA repair (15). Despite these reparations, a number of these 
defects are not repaired or repaired with defects, leading to 
cellular apoptosis or necrosis (15).

Mechanisms of RR. RR is defined by a reduced efficiency of RT 
emerging through complex and interconnected mechanisms. 
An intrinsic RR results from genetic or phenotypic alterations 
in response to XR (15), whereas an extrinsic RR can be due 
to the tumor environment (18). Hypoxic cancers, cancer stem 
cells (CSCs) and altered metabolism favor RR (18‑20), and 
modified cell cycle control and DNA repair directly impact 
the efficiency of XR (21‑24).

Intrinsic RR. Radiation induces the activation of a number of 
genes, including early genes such as C‑JUN, and epidermal 

growth factor‑1 (EGF‑1) serves as regulator of other protec‑
tive genes (15), while later genes are mostly associated with 
trophic factors such as platelet‑derived growth factor (PDGF), 
transforming growth factor‑β (TGF‑β) and basic fibroblast 
growth factor expressed to modulate radio‑sensitivity (15).

Hypoxic microenvironment. Hypoxia reduces the produc‑
tion of ROS, which are essential for radiation‑induced DNA 
damage  (19,20), activates cellular autophagy and acceler‑
ates ROS clearance to further protect cancer cells  (20). 
Hypoxia‑inducible factor (HIF) regulates vascular endothelial 
growth factor (VEGF) and PDGF gene expression, protecting 
endothelial cells from radiation damage while stimulating 
tumour blood vessel growth (19,20). HIF inhibits apoptosis 
by: i) Stimulating NDRG2 and inhibiting BAX, a proapoptotic 
gene; and ii)  inhibiting p53‑mediated apoptosis via direct 
interaction with p53 (20). Furthermore, HIFs are implicated 
in the activation of RR signaling pathways such as CXCL8, 
AKT/mTOR/STAT3, MERK/ERK and DNA‑protein kinase 
(DNA‑PK) (19,20).

CSCs. The presence of CSCs renders RT inefficient (20). 
These cells express CD133 and CD44, with the latter being 
strongly upregulated post radiation, promoting the stem 
phenotype and therefore RR (20). CSCs continuously modify 
their environment to potentiate their survival  (18); they 
are also implicated in tumours, increasing the complexity 
of tumour treatment (18). The ability of stem cell‑like cells 
to replicate and differentiate provides more protection from 
RT; however, a fraction of stem cells remain quiescent 
and are thus unaltered  (18). This process facilitates CSC 
survival post‑irradiation, followed by proliferation and tumor 
invasion (18).

Altered cellular metabolism. Cellular metabolism adapta‑
tions are often observed in RR cancer cells, notably through 
the Warburg effect, which favors anaerobic glycolysis (20). 
This effect translates to an increase in the glucose consump‑
tion rate, active glycolysis and a high concentration of lactic 
acid (20). Lactic acid is found in large quantities in the BM of 
patients with NSCLC and can stimulate the release of hyal‑
uronic acid by tumor‑associated fibroblasts, which promotes 
VEGF secretion and cell migration  (20). A reduction in 
oxidative phosphorylation in mitochondria reduces the rate of 
ROS generation and renders the cell dependent on anaerobic 
glycolysis (20). Glucose transporter 1 (Glut1) is stimulated 
under hypoxic conditions, during which its overexpression 
is associated with RR (20). Moreover, Glut1 expression is 
modulated by PI3K/AKT signaling, which is known for its 
oncogenic functions (20). Additionally, manganese superoxide 
dismutase (MnSOD) is an antioxidant enzyme that is upregu‑
lated in certain cells after radiation and reduces mortality by 
reducing ROS levels and preventing subsequent apoptosis (20).

Cell cycle. The cell cycle has checkpoints that regulate the 
passage of different phases to perform mitosis (21). The sensi‑
tivity of cells to radiation varies during these phases; RT stops 
the cell cycle at a checkpoint before the S phase (21). This 
checkpoint is used to repair DNA before any errors are copied; 
if irreparable, the cell dies (21). Dysregulation of the cell cycle 
is observed in cancer cells (21). Proteins such as ATM, P53 
and CHK2 regulate this process and are thus altered in cancer 
cells, increasing RR (21). Activated ATM can either activate 
CHK2, which, in turn, phosphorylates P53 stabilizing the 
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protein, or sequester P53 in the nucleus (21). These proteins 
lead to powerful cell cycle arrest in the S and G1 phases, 
allowing additional time for DNA repair and increasing the 
survival rate of cancer cells (21).

DNA repair enzymes. DNA repair enzymes are upregu‑
lated in RR cells to reverse radiation‑induced DNA damage 
and thus allow cells to survive despite exposure to radia‑
tion (20). For instance, DNA‑PKs and ATM are implicated 
in NHEJ DNA repair, the major repair mechanism activated 
post‑irradiation (22). DNA‑PK recognizes DSBs in DNA and 
relinks the broken strands in a non‑homologous way, but this 
could favor the acquisition of new oncogenic mutations (21). 
Irradiation of the adenocarcinoma cell line A549 with inhi‑
bition of DNA‑PK results in a higher rate of DNA damage 
and apoptosis, suggesting the involvement of DNA‑PK in 
these mechanisms (22). Similarly, the inhibition of ATM in 
irradiated cells reduces cellular survival and increases apop‑
tosis (22). Furthermore, in EGFR‑mutated NSCLC cells, the 
condensation of chromatin seems to have radioprotective 
effects (23). Chromatin modification is a survival mechanism 
used by cancer cells to protect their DNA from radiation 
damage. The type of radiation (XR or carbon ion) does not 
seem to modify cellular responses (24).

Signaling pathways involved in RR
Janus kinase (JAK)/signal transducer and activator of tran‑
scription (STAT). The JAK/STAT pathway involves fast‑acting 
signaling from the membrane to the nucleus activated in 
response to cytokines and growth factors, leading to the activa‑
tion of JAKs and subsequent phosphorylation and activation of 

STAT proteins. Activated STAT translocates to the nucleus to 
regulate the transcription of genes involved in various cellular 
functions such as differentiation, lipid metabolism, cell‑cycle 
inhibition, cell‑cycle progression, apoptosis inhibition, etc (25). 
RT induces the production of IFN, which binds to its receptor to 
activate the JAK/STAT pathway; this also activates other path‑
ways, such as the mTOR, NF‑κB and MAPK pathways (25). 
IFN activation of the JAK/STAT pathway upregulates genes 
that control cell survival and metabolism, DNA repair systems 
and immune protection (25). This pathway has been implicated 
in RR lung cancer via an increase in STAT3 activation (25).

ERK/MAPK. The ERK/MAPK pathway is altered in a 
large portion of NSCLCs, and confers invasive and metastatic 
properties to BM (26). RT leads to the phosphorylation of 
MEK1 and 2, which are activated following HER activa‑
tion (26). ERK modulates NHEJ‑mediated DNA repair by 
controlling ATM and ATM Rad3‑related but also homologous 
repair via DNA‑PK, promoting cell survival (26). Moreover, 
ERK promotes G2/M cell cycle arrest, rendering cells more 
RR (26). Another possible mechanism is that the prolifera‑
tion signals induced by the ERK pathway stimulate cells less 
exposed to irradiation or are already somewhat RR such as 
CSCs, and these signals promote their proliferation to replace 
dead cells (26).

PI3K/AKT/mTOR pathway. The PI3K/AKT/mTOR pathway 
is another pathway upregulated and implicated in RR (27) in 
NSCLC and their BM (28). When this pathway is inhibited, a 
reduction in colony formation post‑irradiation has been observed 
in prostate cancer cells, and these cells present more DSBs 
due to a reduction in NHEJ DNA repair and autophagy (27). 

Figure 1. Hippo pathway and its physiological and oncogenic roles. The Hippo pathway is comprised of serine/threonine kinases activated by a phosphorylation 
cascade, the core of which starts with MST1/5, which activates LATS1/2 and NDR1/2. The latter two regulate by phosphorylation the activation of the effector 
proteins YAP1 and TAZ. When phosphorylated, YAP1 and TAZ are degraded by the proteasome and/or sequestered in the cytoplasm. (A) In a physiological 
context, YAP1 and TAZ are found in an equilibrium of active and inactive forms that regulate the transcription of various target genes such as CTFG, ANKDR1 
and CYR61. (B) In cancer, YAP1 and/or TAZ are often found in hyperactive states due to reduced regulation of Hippo kinases, thereby playing an oncogenic 
role. MST1/5, mammalian sterile 20‑like kinase; LATS1/2, large tumour suppressor 1/2; NDR1/2, nuclear dbf2‑related kinase; YAP1, yes‑associated protein 1; 
TAZ, transcriptional coactivator with a PDZ‑binding domain; TEAD, TEA DNA‑binding protein; TAOK, Thousand and one amino‑acid kinase.
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In NSCLC, the combination of PI3K and extracellular matric 
(ECM) inhibitors prevents or delays RR (28).

Wnt/β‑catenin. Dysregulation of the Wnt/β‑catenin 
pathway contributes to RR by affecting the cell cycle, prolif‑
eration, DNA repair, apoptosis and invasion (29). Indeed, Wnt 
is expressed at high levels in CSCs known for their RR (29).

Hedgehog. The Hedgehog pathway regulates proliferation 
and differentiation (30); one of its members, Sonic hedgehog 
(Shh), exerts an inhibitory signal when associated with its 
transmembrane receptor patched‑1 (PTC‑1) (30). In addition, 
PTC‑1 leads to the expression of a transcription factor named 
glioma‑associated oncogene 1 (Gli1)  (30). Gli1 regulates 
proliferation, differentiation, ECM interactions and stem 
cell activation (30). Inhibition of Gli1 in NSCLC slows the 
proliferation of RR CSCs and increases radiosensitivity (30).

Hippo pathway. The Hippo pathway is a signaling 
pathway that controls various biological functions, including 

cell growth, survival, differentiation, determination of 
cellular fate, organ size and tissue homeostasis  (31); it 
is found at the crosstalk site with all the others signaling 
pathways involved in RR, where it confers metastatic prop‑
erties in NSCLC (8,9). The role of the Hippo pathway in 
RR is still unclear even if a recent study of resistance to 
treatment induced by YAP1/transcriptional coactivator 
with a PDZ‑binding domain (TAZ) revealed that ‘whether 
YAP1/TAZ confers resistance to RT is an important open 
question’ (32). The aim of the present review was to explore 
the potential implications of Hippo in RR.

3. Hippo pathway in cancer and RR

Hippo pathway. The well‑preserved center of the Hippo 
pathway is primarily composed of a cascade of serine/threo‑
nine kinases, including mammalian sterile 20‑like kinase 

Figure 2. A glance at the alteration of the Hippo pathway in human cancers and radioresistance. The Hippo pathway is implicated in cancer formation/mainte‑
nance (purple) and radioresistance (blue). Loss of Hippo kinases is common in gliomas (114), breast cancer (LAST1/2) (115) and mesothelioma (MST1) (116). 
The loss of Hippo regulators is also common for RASSF1A in lung cancer and melanoma (117), RASSF2A in colon cancer (118) and NF2 in mesothelioma 
(119). YAP1 and TAZ are upregulated in leukemia (120). High levels of TAZ expression and YAP1 modulation are associated with increased survival post‑radi‑
ation in esophageal cancer cells. In breast cancer, radiation‑induced CD146 activation leads to increased YAP activity. Reducing YAP activity enhances the 
radiosensitivity of breast and pancreatic cancer cells. YAP1, yes‑associated protein 1; TAZ, transcriptional coactivator with a PDZ‑binding domain; LATS1/2, 
large tumour suppressor 1/2; MST1/5, mammalian sterile 20‑like kinase; NF2, Neurofibromin 2; RASSF1A, Ras association domain family 1 isoform A.
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(MST1/5), NDR1/2 and large tumour suppressor 1/2 
(LATS1/2; Fig. 1) (31). Activated by phosphorylation, MST 
kinases phosphorylate and activate NDR kinases (31). Active 
NDR kinases phosphorylate and inhibit the downstream 
effectors YAP1 and TAZ by sequestering them in the cyto‑
plasm and directing them towards the proteasome (31). In the 
absence of phosphorylation, YAP1 and TAZ translocate to 
the nucleus and bind to different transcription factors, such as 
TEA DNA‑binding proteins (TEAD 1‑4) (31), thereby regu‑
lating a variety of genes controlling proliferation, stem cell 
renewal and survival through genes such as CTGF, ANKDR1, 
CYR61, AXXL and BIRC5 (31). The panel of genes induced 
by YAP‑1/TAZ varies during organogenesis (Fig. 1), depends 
on the cell fate and evolves between the non‑oncogenic 
situation and the oncogenic situation; during malignant trans‑
formation, the transcription of the panel of genes promoted by 
YAP‑1/TAZ is often exacerbated, reflecting the hyperactivity 
of YAP‑1/TAZ in cancer (31,32). Notably, the Hippo pathway 
is also regulated by multiple pathways, resulting in the control 
of the transcriptional activity of YAP/TAZ (31). For example, 
the mitogen‑activated protein kinase 4 and the thousand and 
one amino‑acid kinase directly phosphorylate LATS1/2, 
thereby working in tandem with MST1/5 (31).

Hippo pathway in human cancers including metastatic lung 
cancer. In most human cancers, including metastatic lung 
cancer, the Hippo pathway is highly disrupted (Fig. 2) (31,32). 
In NSCLC, the upregulation of YAP1 sustains cancer cell inva‑
sion, drug resistance and metastasis (8‑11). The hyperactivation 
of YAP1 in NSCLC results from various factors: Epigenetic 
dysregulation that silences Ras association domain‑containing 
protein 1 (RASSF1) expression (8,14), hypoxia induced by 
tumour growth  (33) or the presence of oncogenic drivers 
such as EGFR‑activating mutations  (10). Hippo pathway 
deregulation leads to BM formation in lung cancer cells (8‑11). 
Hypermethylation of the RASSF1 promoter blocks the nega‑
tive control of RASSF1A, a regulator of the Hippo pathway, 
on YAP1, leading to its nuclear accumulation (8). RASSF1A 
prevents the epithelial‑to‑mesenchymal transition (EMT) of 
human NSCLC cells via the inhibition of YAP1 by NDR2/Rho 
guanine nucleotide exchange factor H1/RhoB signaling (8). 
Similarly, the inhibition of YAP1 by the RASSF1A gene blocks 
metastasis formation in a murine model (8). In cellular models 
of BM from NSCLC, H2030‑BrM3 and PC9‑BrM3 cells, 
YAP1 is overexpressed compared with that in the parental 
cell lines H2030 and PC9 (34), and direct inhibition of YAP1 
by short‑hairpin RNA (sh‑RNA) blocks BM formation from 
H2030‑BrM3 in a murine model (10), which supports that 
YAP1 is involved in metastasis formation.

Finally, YAP1 is implicated in MAPK/ERK signaling, 
a pathway involved in RR, following EGFR mutation (10): 
Forced expression of YAP1 confers EGFR‑TKI resistance 
in NSCLC cells, while YAP1 inhibition potentiates this 
effect  (35). Activated YAP1 increases the expression of 
certain EGFR ligands, such as AREG and ERBB3/4, and thus 
promotes MAPK signaling to induce tumour progression and 
drug resistance (10). Correspondingly, EGFR/MAPK signaling 
regulates YAP1 via the inhibition of Hippo kinases (35). YAP1 
controls the transcriptional regulation of programmed cell 
death‑ligand 1 via its interaction with TEAD, leading to the 

suppression of the immune‑related antitumoral response (36). 
These discoveries highlight the importance of different drug 
development approaches targeting YAP1 (10). Indeed, inhibi‑
tors of the interactions between YAP1/TAZ and TEADs have 
been tested using in vitro and in vivo methods (31,32), with 
select candidates such as VT3989 proceeding to clinical 
trials (37).

Role of the Hippo pathway in RR. There is previous evidence 
of a link between the Hippo pathway and RR in certain cancers 
(Table  I). For instance, esophageal cancer cells strongly 
expressing TAZ survive longer than cells with reduced TAZ 
expression post‑radiation  (38). CD155 stimulates RR via 
modulation of YAP1 phosphorylation (39). Indeed, the over‑
expression of CD155 increases the quantity of nuclear YAP1, 
whereas its inhibition favors cytoplasmic localization (39). 
A reduction in the expression of YAP1 and its target genes 
following catechol treatment sensitizes pancreatic cancer 
cells to irradiation (40). The inhibition of YAP1 by shRNA 
in breast cancer cells triple negative for hormone receptors 
increased the sensitivity to irradiation compared to that in 
shRNA control cells (41). Finally, YAP1 is translocated to the 
nucleus, where its activity is essential for maintaining survival 
and proliferation signaling after irradiation (41). In the same 
breast cancer model, irradiation appeared to stimulate CD146, 
which inhibits LATS1, in turn favoring YAP1 activation (42). 
This is associated with RR due to DNA repair, cell cycle arrest 
and stem characteristics (42).

In SCLC, YAP1 overexpression is associated with an 
unfavorable prognosis in patients following an irradiation 
protocol because RR is modulated by CD133 expression 
associated with YAP1 expression (43). The Hippo pathway is 
also implicated in NSCLC RR via an increase in TAZ tran‑
scription (12). CDK5 is an upstream regulator of the Hippo 
pathway; when CDK5 is silenced by shRNA, the expression 
of TAZ decreases (12). This inhibition leads to an increase 
in DSBs (γH2AX) and a decrease in DNA repair (RAD51) 
after radiation in A549 cells (12). Breast cancer anti‑estrogen 
resistance protein 1 (p130cas) interacts with and promotes via 
focal adhesion kinase the stabilization of YAP1 when over‑
expressed, resulting in RR in NSCLC cells (44). Inhibition 
of YAP1 with verteporfin restores the number of DSBs back 
to a normal level after p130cas is overexpressed, thereby 
restoring radiation efficiency (44). This evidence shows an 
implication of the Hippo pathway in RR in different types of 
cancers, yet its role in BM formation from NSCLC has yet to 
be studied.

4. Key factors in RR and the Hippo pathway

Mechanisms of RR and Hippo signaling. Numerous aspects of 
the cellular environment alter the effectiveness of irradiation 
(Fig. 3). Cells can switch to different states; for example, cells 
can dedifferentiate into a stem phenotype or increase control 
of the cell cycle (45‑51). These changes favor resistance to 
RT (45‑51). Finally, the mechanisms of DNA repair (12,38,52), 
apoptosis regulation  (53,54) and metabolic dysregula‑
tion (55‑57) also greatly alter the success of RT. All of these 
mechanisms interact with and alter members of the Hippo 
pathway in a large variety of cell types (Fig. 3).
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The Hippo pathway interferes with hypoxia through the 
interaction of HIF1 with YAP1, inducing the expression of HIF 
target genes (58). Furthermore, in hypoxic conditions involving 
breast cancer stem cells, HIF1 stimulates the expression of the 

E2 ubiquitin ligases Siah E3 ubiquitin protein ligase (SIAH) 1 
and 2, promoting the proteasomal degradation of LATS2 (59). 
This in turn favors the nuclear localization of YAP1 and TAZ. 
HIF1 increases TAZ expression by binding to the WWTR1 

Table I. Effects of Hippo modulation post‑radiation.

First  		  In vitro/					   
author(s), year	 Cancer type	 In vivo	 Model	 IR dose, Gy	 Hippo modulation	 Result	 (Refs.)

Moon et al, 	 Pancreatic 	 In vitro	 Panc‑1 cells	 2, 4	 Catechol treatmenta	 Decreased survival	 (40)
2021						      fraction	
Zhou et al, 	 Esophageal 	 In vitro	 Eca109, 	 2, 4, 6, 10	 SiTAZa	 Decreased survival	 (38)
2020			   Kyse150 and			   fraction	
			   TE1 cells			   Increased DNA damage	
					     TAZ overexpression	 Increased surviving	
					     via plasmidsb	 fraction	
						      Reduced DNA damage	
Xin et al, 		  In vitro	 Eca109 and	 3, 6, 9	 ShCD155a	 Decreased nuclear YAP	 (39)
2022			   Kyse510 cells			   Decreased proliferation	
						      and migration	
Andrade et al, 	Breast 	 In vitro	 MDA‑MB231	 2, 4, 6	 ShYAP1a	 Decreased survival	 (41)
2017			   and MDA‑			   fraction	
			   MB468 cells				  
Liang et al, 		  In vivo	 Xenomorphic	 4 (x3 radiation	YAP overexpressionb	Increased tumour	 (42)
2022			   injection of	 cycles)		  growth	
			   MDA‑MB‑231				  
			   cells in mice				  
Zhang et al, 	 Glioma	 In vitro	 U87 and U251	 4, 6, 8, 10	 YAP overexpression	 Increased surviving	 (108)
2021			   cells		  via vectorsb	 fraction	
						      Increased DNA repair	
		  In vivo	 Xenomorphic	 10	 YAP overexpression	 Decreased tumour size	
			   injection of		  via vectorsb	 Decreased survival	
			   U251 and GBM1				  
			   cells in mice				  
Zeng et al, 	 Non‑small cell	 In vitro	 A549 and H1299	 2, 4, 6, 8	 SiCDK5 (Hippo	 Decreased DNA	 (12)
2020	 lung cancer		  cells		  modulator)a	 damage	
		  In vivo	 Xenomorphic	 10	 ShCDK5 (Hippo	 Decreased size of	
			   injection of		  modulator)a	 tumour	
			   H1299 cells in			   Decreased DNA damage	
			   mice				  
Li et al, 2022		  In vitro	 A549, H1299	 2, 4, 6, 8	 p130cas (YAP	 Increased survival	 (44)
			   and H460 cells		  modulator) 	 fraction	
					     overexpression via	 Decreased DNA	
					     vectorsb	 damage	
					     ShP130cas (YAP	 Increased DNA damage	
					     modulator)a	 Increased tumour size
		  In vivo	 Xenomorphic	 8 (x3)	 p130cas (YAP	
			   injection of		  modulator) 		
			   H1299 cells in		  overexpression via		
			   mice		  vectorsb		

The Hippo pathway modulates the aoverexpression or binhibition of effector proteins and has radioresistance properties post‑radiation. 
IR, ionizing radiation; YAP, yes‑associated protein 1; TAZ, transcriptional coactivator with a PDZ‑binding domain; p130cas, breast cancer 
anti‑estrogen resistance protein 1; si; short‑interfering RNA; sh, short hairpin RNA.
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gene (59). Moreover, using a biosensor that monitors LATS 
kinase activity, VEGFR activation by VEGF has been shown 
to inhibit LATS and activate the Hippo effectors YAP1 and 
TAZ, highlighting the implication of the Hippo pathway in 
neoangiogenesis (60).

There is evidence showing that reactive species increase the 
mRNA and protein levels of YAP1, controlling the prolifera‑
tion of hepatocellular carcinoma cells (55). ROS‑exposed cells 
act via the c‑myc pathway to stimulate YAP1 expression and 

lead to an increase in the unfolded protein response (55). Then, 
YAP1 coactivates the transcription of FOXO1, an essential 
protein for antioxidant gene expression, in myoblast cells (56). 
The binding of YAP1 and FOXO1 to the promotor regions of 
antioxidant genes such as MnSOD and catalase activates their 
transcription (56). These genes are also implicated in cellular 
metabolism and are modified in a number of cancers such as 
glioma, lung, breast, pancreatic, esophagus, mesothelioma, 
colon, melanoma and leukemia because they adapt to their 

Figure 3. Involvement of the Hippo pathway in radioresistance. Hippo effectors are modulated and implicated in radioresistant phenomena, such as (A) DNA 
repair, (B) cell death and survival regulation, (C) hypoxia, (D) reactive species modulation, (E) stem properties, (F) cell cycle regulation and (G) prolifera‑
tion. YAP1 and/or TAZ regulate the transcription, activation and regulation of mechanisms related to these phenomena. MST1/5, mammalian sterile 20‑like 
kinase; LATS1/2, large tumour suppressor 1/2; NDR1/2, nuclear dbf2‑related kinase; YAP1, yes‑associated protein 1; TAZ, transcriptional coactivator with 
a PDZ‑binding domain; TEAD, TEA DNA‑binding protein; ROS, reactive oxygen species; DNA‑PK, DNA‑protein kinase; MnSOD, manganese superoxide 
dismutase; UPR, unfolded protein response; HIF, hypoxia‑inducible factor; VEGF, vascular endothelial growth factor; RUNX, Runt‑related transcription 
factor; ITCH, Itchy E3 ubiquitin protein ligase; E2F1, E2F transcription factor 1; RAD51, RAD51 recombinase; PRKCD, protein kinase C δ; AREG, amphi‑
regulin; ANKRD1, ankyrin repeat domain‑containing protein 1; CTGF, connective tissue growth factor; AP1, activator protein 1; MYB, myeloblastosis viral 
oncogene homolog; SKP2, S‑phase kinase‑associated protein‑2; SIAH, Siah E3 ubiquitin protein ligase.

https://www.spandidos-publications.com/10.3892/ijo.2024.5656
https://www.spandidos-publications.com/10.3892/ijo.2024.5656
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hostile new microenvironment in part via the aid of YAP1 and 
TAZ (61). YAP1 upregulates Glut3 via binding with TEAD 
in its promoter region in a kidney cell line (62), prioritizing 
glucose uptake in these cancer cells and allowing greater 
energy usage. Consequently, YAP1 favors the clearance of 
reactive species, decreasing the efficiency of secondary IR 
effects and altering cellular metabolism.

CSCs are maintained by a number of factors that control 
stemness and dedifferentiation, such as Sox2, Sox9, Snail/Slug 
and HNF4a (61). In osteosarcomas, the Hippo pathway is a 
downstream effector of Sox2‑mediated stem maintenance, 
and this relationship is antagonized by Nf2/WWC1 (63). 
This regulatory effect has also been found in other cell 
types, including an immortalized murine fibroblast line 
and primary cultures of human glioblastoma cells  (63). 
The loss of YAP1 decreases the self‑renewal potential of 
NSCLC stem cells (45). The interaction between the YAP1 
and Oct4 transcription factors regulates Sox2 expression in 
these NSCLC stem cells (45). However, TEAD4 and YAP1 
repress the expression of Sox2 in the early stages in murine 
blastocysts through LATS1 control  (64), suggesting that 
the functions of YAP1 are altered depending on the stage 
of life. YAP1 and its co‑factor TEAD1 have been shown 
to regulate the transcription of other stem factors, such as 
Sox9, promoting CSC‑like properties in esophageal cancer 
cells (46). However, Hippo signaling pathways are regulated 
by several stem factors. For example, in mesenchymal 
stem/stromal cells, Snail/Slug mediate YAP1 and TAZ 
expression in association with β‑catenin and TBX5 (47). 
However, YAP1 also directly controls the transcription of 
Snail and HNF4a via TEAD in epithelial and hepatocyte 
cells  (48). Despite this, HNF4a negatively regulates the 
expression of YAP1 in hepatocytes  (48). YAP1 represses 
the differentiation of epithelial cells and hepatocytes by 
regulating MET genes (48).

In combination, myeloblastosis viral oncogene homolog 
(Myb)‑MuvB and YAP1 regulate genes implicated in the cell 
cycle and, notably, mitosis via direct action of YAP1 (49). 
B‑MyB expression is under the control of YAP1 and TEAD 
via a distal enhancer, favoring the chromatin‑binding activi‑
ties of B‑MyB required for mitosis (49). Moreover, the physical 
interaction of MyB‑MuvB with YAP1 seems necessary for 
YAP1‑induced cell cycle progression (49). YAP1 and TEAD 
respond to mechanical stress signals to control the transcrip‑
tion of S‑phase kinase‑associated protein‑2 (SKP2)  (50). 
SKP2 overexpression inhibits its substrates, p21 and p73, and 
mediates cell cycle arrest induced by YAP1 depletion (50). 
Furthermore, E2F1 is a downstream target of YAP1 that regu‑
lates the G1/S transition through TEAD (51). YAP1 and TEAD 
therefore regulate the cell cycle.

The ability of Hippo pathway effectors to increase DNA 
repair has already been explored in a number of different 
models, including NSCLC (12). YAP1 forms a complex with 
TEAD2 and E2F1 to regulate the cellular response to DNA 
damage via the expression of Fanconi anemia components (52). 
Similarly, TAZ overexpression increases the expression of 
TP53BP1, PRKCD and XRCC6 which are associated with the 
53BP1, DNA‑PK and Ku70 proteins, respectively, which are 
implicated in the NHEJ DNA repair mechanism in esophageal 
cancer (38).

NDR1/2, upstream regulators of YAP1 and TAZ, contribute 
to the autophagic response to stress through a process thought 
to involve Beclin1, a major player in autophagy (53). C‑ABL 
favors the formation of a YAP1/p73 complex that dissoci‑
ates both RUNX and ITCH from YAP1 (51). The p73/YAP1 
complex controls apoptosis, particularly after DNA damage 
via C‑ABLs (51). In hepatocellular carcinoma, YAP1 inhibition 
induces apoptosis under hypoxic conditions compared normoxic 
conditions, which appears to be associated with HIF1 (54). 
Thus, the Hippo pathway is intertwined with autophagy and 
apoptosis regulation, which controls cell survival.

Despite all these factors participating in RR, a simple 
increase in proliferation also plays a part, and controlling prolif‑
eration is a well‑known aspect of the Hippo pathway. YAP1 and 
TEAD regulate the expression of AREG (65), ANKRD1 and 
CTGF with the aid of AP1 (66), SKP2 stabilized by p300 (50) 
and Myc via the interaction of YAP1 with C‑ABL (57), all of 
which play a role in proliferation. Additionally, proliferation is 
controlled by Hippo signaling through the interaction of YAP1 
with TEAD4, which specifically regulates the expression of 
PRLCD, NRAS and RRAS (67).

Signaling pathways implicated in RR and Hippo signaling. 
The driving pathways of RR involve varying levels of interac‑
tion and crosstalk with the Hippo pathway and its components, 
which could lead to RT failure (Fig. 4).

cTAZ is an isoform of TAZ that is not regulated by 
TEAD which suppresses the JAK/STAT pathway by blocking 
dimerization and nuclear transport of STAT factors that 
control antiviral responses  (68). YAP1 and TAZ increase 
the transcription of STAT3 components capable of reacting 
to oncogenic RAS and inflammation in pancreatitis  (69) 
revealing the possible interplay of these factors in radia‑
tion‑stressed cells. The JAK/STAT pathway is constitutively 
active in NSCLC (70). In NSCLC cells, an RR effect is poten‑
tiated by the microenvironment of the cells via JAK/STAT 
signaling (71).

EGF and insulin stimulate YAP in different human and 
Drosophila cells via MAPK signaling; however, this interaction 
has not been systematically investigated in another review (58). 
Specifically, MEK1 inhibition reduces the expression and 
activity of YAP1, revealing that YAP1 is regulated via MEK1, 
which is independent of the core Hippo pathway and promotes 
tumorigenesis in liver cancer cells (72). MEKK3 regulates 
YAP1 and TAZ at the transcriptional level in pancreatic cancer 
cells, promoting EMT and stemness (73). Moreover, ERK1/2 
regulate YAP1 protein expression to increase the viability 
and invasion of NSCLC cells (74). The regulation of YAP1 
and TAZ by MEK in NSCLC cells was found (74). YAP1 is 
implicated in MAPK/ERK signaling via EGFR mutations 
in NSCLC through an increase in the expression of EGFR 
ligands, such as AREG and ERBB3/4, subsequently increasing 
MAPK signaling (10). Furthermore, EGFR/MAPK signaling 
inhibits the phosphorylation and degradation of YAP1 by the 
Hippo kinase (35). These interactions between ERK/MAPK 
and the Hippo pathway play a part in stimulating proliferation 
signals after stress, limiting the effects of RT.

Along with Src and PDK1, PI3K regulates the nuclear local‑
ization of YAP1, favoring its activity (75). PI3K regulates both 
YAP1 and TAZ in breast cancer via PDK1 and AKT signaling 
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which play a role in tumorigenesis (76). YAP1, in turn, activates 
PI3K/AKT/mTOR signaling in human bronchial epithelial 
cells via TEAD, leading to increased proliferation (77). In 
medulloblastoma cells, YAP1 increases the RR via IGF2/AKT 
signaling (78). An effector of this pathway, mTOR, phosphory‑
lates the Hippo pathway and favors YAP1 activity, stimulating 
the proliferation and invasion of glioblastoma cells (79). In 
colorectal cancer, the PI3K/AKT pathway activates YAP1, 
leading to increased invasion and migration (80).

The Wnt pathway regulates YAP1 and TAZ, similar to 
β‑catenin  (58); ligands from this pathway activate YAP1 
and TAZ through the frizzled receptor LATS1/2 and 
Rho‑GTPases instead of the typical β‑catenin pathway (81). 
This TEAD‑mediated signaling leads to the expression of 
various genes: Osteogenic differentiation and cell migra‑
tion (81). In liver cancer, Tribbles pseudokinase 2, a direct 
target of the Wnt pathway, stabilizes the coactivation factor 
of YAP1 transcription (82). YAP1 and TAZ are activated by 
oncogenic pathways such as the Wnt pathway (83). YAP1 tran‑
scription is elevated by Wnt/β‑catenin signaling in colorectal 
carcinoma cells (84). TAZ is regulated by the Wnt pathway and 
increases the proliferation of colorectal cancer cells but also 
controls mesenchymal stem cell differentiation (85). YAP1 
stimulates Wnt/β‑catenin signaling in epithelial cells experi‑
encing inflammation and regeneration through the targeting of 
CDK5 (86). Specifically, YAP1 regulates Wnt pathway activity 
differently depending on its localization; cytoplasmic YAP1 
inhibits Wnt pathway activity, whereas nucleic YAP1 activates 
Wnt pathway activity  (87). Inhibition of the Wnt pathway 
increases sensitivity to radiation in NSCL (88). The interplay 
of inhibition or activation of one another by the Hippo and 
Wnt pathways indicates that there is a complex relationship 
between these pathways possibly causing RR.

YAP1 blocks Shh‑induced differentiation in smooth muscle 
cells (89). However, when YAP1 is inhibited in embryonic lung 
cells, the expression of Shh and its target genes decreases (90). 

YAP1 and TAZ also regulate the Shh pathway in epithelial lung 
cells (90). Human medulloblastoma cells develop from cere‑
bellar granule neuron precursors activated by the Shh pathway 
and from high levels of YAP1 (91). In mouse Shh‑induced 
medulloblastomas, YAP1 is also upregulated  (91). In both 
of these cell types, YAP1 interacts with TEAD1, leading to 
Shh‑driven proliferation (91), confirming the regulation of 
Shh by YAP1. On the other hand, TAZ suppresses the Shh 
pathway in in vitro and in in vivo models, potentially through 
Gli3 repression (92). The cell density regulation of Shh is 
regulated by the Hippo pathway effector YAP1 (93). YAP1 
controls proliferation and inhibits differentiation in a mouse 
embryonic carcinoma cell line and increases the expression 
of Shh signaling and patched 1, a downstream effector of 
Shh (94). However, the relationship between these two path‑
ways is not unilateral. Shh also regulates YAP1 activity via 
the hedgehog protein in regenerating murine liver cells (95), 
revealing a feedback loop. Since Shh activation increases the 
RR in NSCLC cells, these interactions are noteworthy possible 
mechanisms (30).

Influence of radiation on the regulation or dysregulation 
of the Hippo pathway. Although glycosylation, methylation 
and hypermethylation of Hippo members can influence their 
function and activity, to our knowledge, the roles they play in 
response to radiation exposure have not been reported.

Ubiquitination is an alternative modification permitting 
the control of various signaling pathways, including the Hippo 
pathway (96). β‑transducin repeat containing E3 ubiquitin 
protein ligase is an E3 ligase that targets YAP1 and TAZ, 
leading to a reduction in their activity (96). Contrary to the 
regulation of LATS1/2 by other upstream E3 ligases, ITCH 
promotes growth and survival, and a hypoxia‑activated E3 
ligase, SIAH, promotes oncogenic YAP1 activation  (97). 
Ubiquitin is overexpressed in a number of different NSCLC 
cell lines and implicated in increased growth (98). Silencing 

Figure 4. Crosstalk between radioresistance signaling pathways and the Hippo pathway. The Hippo pathway interacts with pathways known for radioresis‑
tance, such as (A) the Wnt pathway, (B) the Shh pathway, (C) the PI3K/AKT/mTOR pathway, (D) the JAK/STAT axis and (E) the RAS/RAF/MEK/ERK 
pathway. The Hippo pathway and its effectors YAP1 and/or TAZ are regulated by these pathways through transcription, localization and activity. YAP1 and/or 
TAZ also regulate the activity of these pathways through transcriptional regulation. YAP1, yes‑associated protein 1; TAZ, transcriptional coactivator with a 
PDZ‑binding domain; EGF, epidermal growth factor; Shh, Sonic hedgehog; P, phosphorylated; JAK, Janus kinase; STAT, signal transducer and activation of 
transcription; Gli, glioma‑associated oncogene; IGF, insulin‑like growth factor.

https://www.spandidos-publications.com/10.3892/ijo.2024.5656
https://www.spandidos-publications.com/10.3892/ijo.2024.5656
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UBB and UBC, two key genes involved in the ubiquitination 
process, decreases cellular growth and increases radiosensi‑
tivity, as shown through pH2AX staining (98). Furthermore, 
ubiquitination of the Hippo pathway is regulated at both the 
transcriptional and post‑translational levels and is implicated 
in the maintenance of CSC stemness (99).

5. Radiopotentiation and the Hippo pathway

Known methods of radiopotentiation. For advanced solid 
cancers, chemoRT refers to the use of irradiation combined 
with molecular targeting to render the tumour more radio‑
sensitive (100). These molecular targets fall into four major 
categories: i) Growth factor receptor signaling inhibition; 
ii)  targets of the DNA damage response and cell cycle 
checkpoints; iii) cell adhesion molecules; and iv) heat shock 
proteins (100). The most commonly used drugs for the treat‑
ment of NSCLC or BM from NSCLC fall into the first and 
second categories. For clinical treatment of BM from NSCLC 
in patients with EGFR mutations, third‑generation TKIs, 
such as osimertinib, are used; these drugs fall into the first 
category of targeted drugs because of their greater ability to 
penetrate the central nervous system compared with previous 
generations (6). In the case of ALK rearrangements, lorlatinib, 
another third‑generation TKI, is used to target the BM of 
patients with NSCLC after the failure of second generation 
TKIs such as alectinib and clertinib (6). The TGF‑β1 inhibitor, 
SB431542, also induces radiopotentiation in NSCLC cell lines 
depending on the p53 status of the cells (101). Inhibition of 
P1K1 in p53 wild‑type NSCLC cells induced radiosensitivity, 
but this effect was not found in mutated p53 cells (102). In 
the second category, the effects of various combinations of 
DNA damage response inhibitors on NSCLC cell lines have 
been investigated through the profiling of biomarkers and 
different genetic alterations (103). Eurycomalactone induces 
G2/M cell cycle arrest, a known radiosensitive phase of the 
cell cycle, and delays the repair of DSBs in NSCLC cells (104). 
A poly (ADP‑ribose) polymerase inhibitor increases the 
radiosensitivity of the NSCLC cell line A549 (105). DNA 
damage response inhibitors are also being studied for their 
potential radiopotentiating effects on glioblastomas  (106), 
demonstrating their ability to potentially cross the blood brain 
barrier which is the critical step in treating brain cancers such 
as BM from NSCLC.

Radiopotentiation using the Hippo pathway. Targeting the 
Hippo pathway to sensitize cancer cells to irradiation is a 
promising idea. As it was aforementioned, high levels of 
YAP1 and/or TAZ are associated with a poor RT response in 
most cancers, including NSCLC (43). Post‑radiation activa‑
tion of these factors has also been found in breast cancer (42) 
and metastatic breast cancer  (107), and their expression is 
stable in NSCLC cells (44). YAP1 inhibition has radiopoten‑
tiating effects on pancreatic cancer (40), gliomas (108) and 
NSCLC (12).

The Hippo pathway is implicated in a number of the 
processes and pathways sustaining RR that are already 
targeted by specific drugs. YAP1 and/or TAZ have been 
shown to respond to hypoxia  (58‑60) and be induced by 
and decrease reactive species  (55,56,61,62). These factors 

also play important roles in a feedback loop to maintain 
stem cell properties  (45‑48,63,64) and increase DNA 
repair (12,38,42,52,78,108). YAP1 and TAZ also regulate the 
cell cycle (22,49,51), autophagy (53) and apoptosis (54,96). 
The Hippo pathway effectors regulate certain factors in 
the JAK/STAT pathway (68,69) and the PI3K/AKT/mTOR 
pathway, stimulating and activating YAP1 (75‑80). YAP1 is 
increased and activated by the ERK/MAPK pathway (72‑74), 
the Wnt pathway (58,81‑87) and the Hedgehog pathway, which 
also uses YAP1 as a transcription factor (89‑95).

Inhibition of YAP1/TAZ. The use of drugs to inhibit YAP1 and 
TAZ is a common technique for studying their implications. For 
example, catechol treatment reduces the protein levels of YAP1 
and its target genes through AMPK phosphorylation, sensitizing 
pancreatic cancer cells to irradiation (40). Verteporfin, a small 
inhibitor of the interaction of YAP1 with TEADs, decreases the 
number of DSBs back to a normal level after p130cas is over‑
expressed, restoring radiation efficiency in NSCLC (44). This 
drug is safe when administered via intraperitoneal injection at 
a dose of 100 mg/kg in mice (44). Furthermore, verteporfin is 
approved by the Food and Drug Administration (FDA), and is 
known to decrease the proliferation and migration of glioma 
cell lines (109). As a lipophile, verteporfin can penetrate the 
brain at nontoxic doses and is capable of inhibiting nuclear 
YAP1 in mouse models in vivo (109).

Anti‑YAP1/TAZ treatments are not yet available, but 
IK‑930, an oral TEAD inhibitor, is currently in phase 1 
(NCT05228015) clinical trial for treating solid tumours. 
IK‑930 blocks autopalmitoylation of TEAD by inhibiting 
TEAD‑dependent transcription of YAP1 and TAZ  (110). 
TEAD palmitoylation inhibitors stop mesothelioma cell line 
proliferation and block xenograft growth  (111). However, 
TEAD palmitoylation inhibition increases VGLL3‑mediated 
transcription of PIK3C2B and Sox4, which activate AKT 
signaling, contributing to cancer survival (112).

6. Summary and perspectives

NSCLC is a harsh disease in which 50% of patients develop 
BM (2‑4), resulting in a mere 19% 5‑year survival rate (113) 
despite the use of a treatment plan that includes both surgery 
and RT (4). RR remains a major hurdle in the treatment of 
BM from NSCLC. Notably, targeting the Hippo pathway to 
provoke radiopotentiation of BM from NSCLC due to its a 
number of potential implications for RR phenomena and the 
existence of inhibitors, such as IK‑930, in a phase I clinical 
trial (110) or with FDA approval, such as verteporfin (109) 
is promising. However, a better understanding of the role of 
Hippo in RR and thus the potentially unforeseen side effects 
of targeting this pathway in cancer treatment of healthy cells 
would also be beneficial.
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