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Extracellular matrix (ECM) interacts with solid tumour cells and cells 
from the tumour microenvironment (ΤΜΕ). Components of the ECM 
and various types of mechanical forces which are generated from 
ECM stiffening modulate properties of solid tumour cells, thereby 
affecting tumour proliferation, migration, angiogenesis, immune 
evasion, stemness and resistance to treatment. Clarification of the 
role of ECM-associated protein molecules during solid tumour pro-
gression offers new therapeutic strategies aiming at overcoming 
ECM-mediated oncogenic signalling and drug resistance.1,2

A well-investigated signalling pathway linked to alterations of 
ECM rigidity is the Hippo signal transduction pathway. It is an evo-
lutionary conserved kinase cassette that controls cell proliferation, 
apoptosis, self-renewal of stem cells and organ size, and is regulated 
by mechanical cues, the status of cellular energy and multiple re-
ceptor signalling.3 Yes-associated protein (YAP) and transcriptional 
coactivator with PDZ-binding motif (TAZ) are key transcriptional 
regulators and the end nuclear effectors of the Hippo signal trans-
duction cascade. YAP and TAZ are transcription coactivators and 
function by tethering to the transcriptional enhanced associate 
domain (TEAD) transcription factor (there are four TEAD proteins 
(TEAD1-4) in the human genome).3 Following activation of the Hippo 
pathway, the unphosphorylated Merlin protein phosphorylates/po-
tentiates STE20-like protein kinase 1/2 (MST1/2)/large tumour sup-
pressor 1/2 (LATS1/2) proteins to turn off YAP/TAZ by multiple-site 
phosphorylation. YAP/TAZ inactivation leads to YAP/TAZ cytoplas-
mic retention. Conversely, inactivation of the Hippo pathway leads 
to YAP/TAZ nuclear accumulation and target gene transcription.3

Changes in ECM stiffness elicit mechano-stimulated tumorigenic 
mechanisms through activation of YAP/TAZ (Figure  1). Activated 

YAP/TAZ induce the expression of genes that promote cell pro-
liferation.3 For example, in oral squamous cell carcinoma, YAP 
potentiation triggers transcriptional activation of piezo type mech-
anosensitive ion channel component 1 (Piezo1), a mechano-induced 
Ca2+ channel, and this evokes tumour cell proliferation.4 YAP acti-
vation also promotes cell migration under stiffer ECM microenvi-
ronment, for example hepatocellular carcinoma (HCC) cells present 
increased migration in vitro when cultured under stiffer extracellu-
lar conditions. Mechanistically, stiffer ECM ignites c-Jun N-terminal 
kinase (JNK) and p38 mitogen-activated protein kinases (MAPK) 
signalling leading to induction of YAP and its translocation to the nu-
cleus. Subsequently, YAP transcriptionally mediates enhancement of 
aerobic glycolysis and migration of HCC cells.5 An alternative route 
involves upregulation of C-X-C motif chemokine receptor 4 (CXCR4), 
a known booster of HCC, by ECM stiffness. CXCR4 downregulates 
ubiquitin domain-containing protein 1 (UBTD1), thereby decreas-
ing poly-ubiquitination and proteasome-dependent degradation of 
YAP. Sustainable YAP expression transcriptionally activates tumour-
promoting genes.6

It has been documented that YAP/TAZ activation mediates re-
sistance to pharmacological intervention as a result of changes in 
ECM stiffness.7 Biochemical and mechanical stimuli in the tumour 
stroma due to alterations of ECM stiffness participate in metastases 
and drug resistance.8 For instance, actin remodelling activates YAP/
TAZ in melanoma cells and this event fosters resistance to serine/
threonine-protein kinase B-Raf inhibitors (BRAFi).9 Furthermore, 
YAP/TAZ regulate programmed death-ligand 1 (PD-L1) expres-
sion and YAP specifically mediates downregulation of the anti-
tumour immune response in BRAFi-resistant melanoma cells in a 
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PD-L1-dependent manner.10 Alterations in ECM rigidity can also 
cause resistance to the human epidermal growth factor receptor 2 
(HER2) inhibitors (e.g. lapatinib) through YAP/TAZ in breast cancer.11 
Data from breast cancer cells reveal that intermediate-stiffness sub-
strates are correlated with decreased uptake, increased efflux and 
resistance to doxorubicin, compared to high- and low-stiffness sub-
strates. Doxorubicin resistance is associated with higher expression 
levels of the mechanosensory protein integrin-linked kinase (ILK) 
and activation of YAP. ILK can regulate YAP expression and activity 
in an intermediate ECM stiffness status and confer drug resistance 
to breast cancer cells.12 In a similar vein, chemoresistance in ovar-
ian cancer is driven by chemotherapy-induced alterations in ECM 
stiffness and composition. ECM microenvironment evolves during 
platinum-based chemotherapy (cisplatin, carboplatin), as demon-
strated by distinct expression profiles of core ECM-related genes 
in pre- and post-chemotherapy samples. Stiffer ECM and platinum 
treatment enhances spreading, focal adhesion formation and nuclear 
translocation of YAP/TAZ in high-grade serous carcinoma (HGSC) 
ovarian cells. Moreover, ECM stiffness functionally contributes to 
resistance of ovarian cancer cells to platinum-triggered apoptosis via 
focal adhesion kinase (FAK) and YAP signalling. Platinum-mediated 
resistance is attributed to activation of specific ECM proteins, such 
as vitronectin (VTN), fibronectin (FBN) and collagen VI (ColVI).8 
On the contrary, chemotherapy resistance to cisplatin and doxo-
rubicin in HCC is attributed to specific TAZ upregulation. TAZ can 
transcriptionally activate interleukin 8 (IL-8) to confer resistance; 
therefore, TAZ-IL-8 is a reasonable axis for therapeutic targeting.13 
YAP/TAZ upregulation, in synergy with activating transcription fac-
tor 4 (ATF4), are also responsible for resistance to the multikinase 

inhibitor sorafenib in HCC.14 In experiments where hepatocellular 
tumour spheroids were employed, YAP/TAZ activation occurs in tu-
mour and stromal cells of HCC.15 In a patient-derived hepatocellu-
lar tumour spheroid model, YAP inhibition can sensitize HCC cells 
with high YAP/TAZ expression to kinase inhibition by sorafenib.16 
It should also be taken into consideration that although YAP func-
tions as an oncoprotein that confers drug resistance, recent findings 
suggest that YAP may also act as a tumour suppressor. Androgen 
receptor (AR) interacts with TEAD to promote tumour growth in 
prostate cancer cells. YAP upregulation competes with AR for TEAD 
binding to suppress TEAD-mediated AR signalling and tumour pro-
gression in AR-positive prostate cancer. YAP can also impede anti-
hormone therapy resistance caused by AR variants. This indicates 
that pharmacological targeting of the Hippo pathway may be effec-
tive to overcome resistance to anti-androgen treatment in prostate 
cancer.17

As most solid tumour cells depend on their mechanical proper-
ties to promote their malignant features, small-molecule compounds 
(derived from available banks or chemically synthesized) targeting 
YAP/TAZ, either directly or by disrupting vital interactions with 
transcription factors/complexes, have been developed and have 
already progressed to clinical trials with promising results.2,7 A ra-
tional design of YAP/TAZ targeting involves hindering of the inter-
molecular interaction between TEAD and its coactivators YAP/TAZ. 
This seems an attractive therapeutic strategy to treat solid tumours 
with a dysregulated Hippo pathway.18 However, it has been diffi-
cult to locate suitable hotspot binding sites conducive to abrogate 
YAP/TAZ-TEAD interactions. YAP binds to the α-helix and Ω-loop 
distinct pockets of TEAD, which have been shown to be crucial 

F I G U R E  1  Regulation of tumour cell properties by YAP/TAZ. YAP/TAZ transcriptional coactivators mediate mechanical signals induced by 
ECM stiffening and drive cancer cell proliferation, migration, stemness, angiogenesis, interactions with tumour stroma, immune evasion and 
drug resistance. CD8, cluster of differentiation 8; ECM, extracellular matrix; MHC, major histocompatibility complex; TAZ, transcriptional 
coactivator with PDZ-binding motif; TCR, T-cell receptor; YAP, yes-associated protein. This figure was created based on the tools provided 
by Biore​nder.com (accessed on 28/04/2023).
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drug-targeting inhibitory sites of the YAP-TEAD complex.18 The first 
small non-peptide molecules to disrupt the YAP-TEAD interaction 
that have been identified bind competitively to the specific Ω-loop 
pocket of TEAD, as they display the same level of affinity for TEAD 
as YAP does.18 A subsequent study offered further optimization of 
such Ω-loop-targeting class of low-molecular mass compounds and 
proved to be efficient in tumour-bearing mice following oral admin-
istration.19 Concerning peptide inhibitors, albeit more progress has 
been made in targeting the Ω-loop region, a peptide inhibitor with 
high affinity to the α-helix pocket was recently biochemically and 
structurally characterized.20 In gastrointestinal cancers, two peptide 
segments, which represent an α-helix and an Ω-loop, have been iso-
lated from binding sites of YAP/TAZ with TEAD and are promising 
candidates for Hippo pathway targeting. Nevertheless, these self-
inhibitory peptides are easily dissociated when they are not parts 
of the full-length proteins; hence, they are not able to competitively 
annul binding of TEAD to YAP/TAZ. To this end, a new rational de-
sign methodology was recently proposed that employs a chemical 
modification, termed hydrocarbon stapling technique, to retain the 
conformation of the α-helix peptide. This approach can improve 
peptide binding to TEAD and interfere effectively with coactivators-
transcription factor complex formation.21

YAP is also implicated in the angiogenic process of diverse solid 
tumours and small-molecule inhibitors targeting that aspect of YAP 
function have been developed. Verteporfin (VP) is a low-molecular 
mass compound that suppresses YAP signalling by hampering YAP/
TEAD interactions and can restrain proliferation, migration, tube 
formation and facilitate apoptosis of human umbilical vein endothe-
lial cells (HUVECs).22 It causes reduction of massive vessel branches 
production, reduction of the number of blood vessels in vivo and 
downregulation of the expression of angiogenesis-engaged genes. 
Thus, VP has been shown to potently attenuate malignant progres-
sion of oesophageal squamous cell carcinoma (ESCC) cells via inhibi-
tion of tumour angiogenesis.22 Additionally, targeting angiogenesis 
can re-sensitize ESCC cells to treatment with paclitaxel.22 VP tar-
geting of the YAP/TAZ pathway is also effective to overcome drug 
resistance in endometrial carcinoma (EC). YAP/TAZ mediates resis-
tance to progestin through the phosphoinositide 3-kinase (PI3K)/
Akt pathway, and VP sensitizes EC cells to progestin both in vitro 
and in vivo.23 It also demonstrates an additive antitumor effect when 
combined with the histone demethylase lysine-specific demethylase 
1 (LSD1) inhibitor SP2509 in vitro and in vivo in oral squamous cell 
carcinoma cells.24

There are also selective inhibitors of TEAD. K-975 is a newly 
identified highly selective TEAD inhibitor that impairs YAP/TAZ-
TEAD protein–protein interactions. It exerts antitumor effects by 
suppressing YAP/TAZ-TEAD signalling in pleural mesothelioma.25 
Another (oral) TEAD inhibitor, IK-930, is currently in phase 1 clin-
ical trial evaluation in patients with advanced solid tumours bear-
ing or not gene alterations in the Hippo pathway (NCT05228015). 
Data regarding the TEAD palmitoylation inhibitor MGH-CP1 imply 
that TEAD inhibition alone is not enough to cause cancer-cell death, 

because it transcriptionally activates an alternative pathway of cell 
survival through the sex-determining region Y-related high-mobility-
group box transcription factor 4 (SOX4)/PI3K/Akt axis. Dual target-
ing and inhibition of TEAD and Akt represents an efficient treatment 
option.26 Lastly, IAG933, a potent and direct small-molecule disrup-
tor of the YAP-TEAD protein–protein interaction, is presently in 
clinical trial evaluation in patients with mesothelioma, neurofibro-
matosis 2 (NF2, also known as Merlin)/LATS1/2-mutated tumours 
and tumours with functional YAP/TAZ fusions (i.e. YAP/TAZ hybrids 
that hyperactivate a TEAD-based transcriptome) (NCT04857372), 
but its exact mechanism of action has not yet been disclosed.27,28

Recent findings further implicate YAP/TAZ in signalling circuit-
ries of the ΤΜΕ as candidate targets to improve chemotherapy 
efficacy. Nonetheless, as shown in breast tumours, stage-specific 
YAP/TAZ expression profiles and/or crosstalk with co-operating 
signalling molecules should also be taken into account in predict-
ing response to combinatorial YAP/TAZ/TEAD-targeted treatment 
approaches.29,30

Conclusively, accumulating evidence suggests that anomalous 
YAP/TAZ signalling contributes significantly to solid tumour de-
velopment and progression and is a critical factor of intrinsic and 
acquired resistance to a variety of targeted regimens and chemo-
therapies. Further research is required to elucidate the underpin-
ning mechanisms of YAP/TAZ operational aberrations in order to 
formulate more efficacious treatments for a broad spectrum of solid 
tumours and their clinical complications.
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