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ABSTRACT 

Lung cancer is the main cause of cancer related mortality worldwide, with an overall five years 

survival of 17.4%. Despite the enormous progresses made in diagnosis and therapy, including the 

introduction of innovative drugs as target therapy and immunotherapy, the prognosis for patients 

remain poor. In most cases, the success of pharmacological treatment is impaired by drug 

resistance. Thus, the characterization of both response mechanisms to anti-cancer compounds and 

of the molecular mechanisms supporting lung cancer aggressiveness are crucial to ensure the most 

appropriate management for patients. In the first part of this thesis, we successfully characterized 

the molecular mechanism behind resistance of lung cancer cells to the Inhibitors of the 

Bromodomain and Extraterminal domain containing Proteins (BETi). In particular, through a 

CRISPR/Cas9 screening in non-small cell lung cancer cell line, we identified three Hippo Pathway 

members, LATS2, TAOK1 and NF2 as genes implicated in susceptibility to BETi. We observed that 

these genes confer sensitivity to these drugs, inhibiting TAZ effector activity by restraining its 

nuclear localization. Conversely, we observed that the overexpression of TAZ increases resistance 

to these drugs. TAZ and YAP are two transcriptional coactivators that, forming complexes with 

TEADs and SMADs transcription factors, enhance a gene expression program promoting pro-

oncogenic cells features. Moreover, we also displayed that BETi downregulate the expression of 

both YAP, TAZ and TEADs in several cancer cell lines, including breast, thyroid, melanoma and 

prostate, implying a novel mechanism through which these drugs exert citotoxic anti-cancer effects. 

In the second part of this work, we attempted to characterize the molecular crosstalk between the 

TAZ gene and its cognate antisense long-non coding RNA (lncRNA) TAZ-AS202 in lung tumorigenesis. 

LncRNAs are transcripts lacking protein-coding potential and with tissue and cell-specific expression 

patterns. These molecules play a role during cancer development and progression, holding the 

potential to become significant biomarkers and specific therapeutic targets. However, the landscape 

of lncRNAs and their specific role during lung tumorigenesis are far to be fully characterized. We 

showed that as for TAZ downregulation, silencing of TAZ-AS202 impairs NSCLC cells proliferation, 

migration and invasion ability, suggesting a pro-tumorigenic function for this lncRNA during lung 

tumorigenesis. TAZ-AS202 regulates TAZ main target genes without altering the expression or the 

localization of TAZ. This finding implies an uncovered functional cooperation between TAZ and TAZ-

AS202 in the regulation of target genes. In addition, we found that the EPH-ephrin signaling receptor 

EPHB2 is a downstream effector significantly affected by both TAZ and TAZ-AS202 silencing. 
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Moreover, we assessed the role of EPHB2 in lung cancer cells. EPHB2 downregulation significantly 

attenuates cells proliferation, migration and invasion ability, suggesting that at least in part, TAZ-

AS202 and TAZ pro-oncogenic activity in lung cancer depends on EPH-ephrin signaling final 

deregulation. Finally, we started to dissect the mechanism underlying the TAZ-AS202 regulatory 

activity on EPHB2 in lung cancer, which may involve the existence of an intermediate transcription 

factor and is the object of our ongoing research. 
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Lung Cancer 

Lung cancer represents the most frequent 

neoplastic disease diagnosed worldwide 

(fig.1,2). It is responsible for 1.8 million 

deaths every year all over the world 

(Teixtera Loiola de Alencar et al, 2020). This 

disease mostly affects older people, with 

rare cases in patients younger than 45. The 

incidence of lung cancer varies by 

geographic area, age, sex and tobacco 

exposure; although 10-25% of lung cancer cases occur in patients who have never smoked. In 

addition, other risk factors are associated with lung cancer development, including air pollution, 

pulmonary diseases, carcinogenic chemicals and ionizing radiation exposure (Teixtera Loiola de 

Alencar et al, 2020; Wong et al, 2017).  Lung cancer can be divided into two main histopathological 

subtypes: Non-Small Cell Lung Cancer (NSCLC), which account for about 80% of all cases, and Small 

Cell Lung Cancer (SCLC), which shows neuroendocrine differentiation and accounts for the 

remaining 20% of cases (fig.2A). NSCLC can be further divided in three subgroups: Squamous Cell 

Carcinoma (SSC), Adenocarcinoma (AD) and Large Cell Carcinoma (LCC) (fig.2B).  
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Figure 2: A) Frequencies of the two main subtypes of Lung Cancer on total cases. B) Schematic representation of the main 

subtypes of NSCLC: Adenocarcinoma represents the subtype with higher incidence in the population. 
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Tumour histotypes generally follow a proximal‐to‐distal distribution pattern moving from the 

trachea to the alveoli: SCC, SCLC and AD. It is thought that different tumour histotypes arise from 

distinct cells of origin, localised within a defined regional compartment and microenvironment 

(Sutherland et al, 2010). In addition, different tumour histotypes are associated with specific 

molecular landscapes (Zito Marino et al, 2019; Varella-Garcia, 2010). In the last years, the possibility 

to better describe patient’s diseases and the advances in cancer genomics, have given the 

opportunity to understand driver molecular alterations responsible for tumour progression for each 

tumour histotype and to design tailored therapeutics in some cases. 

 

Non-Small Cell Lung Cancer (NSCLC) 

NSCLC represents 80% of all lung cancer cases. It is divided in three subgroups, of which AD 

represents the 40% of cases (fig.2A-B). Molecular landscape of NSCLC is very heterogeneous, with 

genetic aberrations including mutations, gene fusions and copy number alterations (Zito Marino et 

al, 2019; Varella-Garcia, 2010). This subtype of lung cancer is less sensitive to chemotherapy than 

SCLC. However, several patients with NSCLC carry druggable driver molecular alterations, leading to 

the development of target therapy strategies for these patients. For example, patients who carry 

rearrangements involving ALK (Anaplastic Lymphoma Receptor Tyrosine Kinase) or ROS1 (ROS 

proto-oncogene 1), activating mutations in EGFR (Epidermal Growth Factor Receptor) or in BRAF 

(Serine/Threonine Protein Kisase B-Raf) show profound benefits with kinase-inhibitors therapy (Zito 

Marino et al, 2019; Varella-Garcia, 2010; Rotow et al, 2017). In addition, the introduction of 

immunotherapy, inhibiting the immunosuppressive receptors CTLA-4 (Cytotoxic T-Lymphocyte 

Associated Protein 4) or PD-1 (Programmed Cell Death 1), has been a major advance for the 

treatment of this disease (Lim et al, 2020). 20-30% of patients with NSCLC carry activating mutations 

in KRAS (Kirsten Rat Sarcoma Viral Proto-Oncogene) (Cancer Genome Atlas Network, 2014). KRAS 

aberrant activation leads to unrestrained signalling of pro-oncogenic downstream pathways, such 

as RAF/MAPK, PI3K/AKT and RAL-GEF/RAL. Until recently, patients with KRAS activating mutations 

had no therapeutic opportunities except chemotherapy. Today, small molecules inhibiting KRAS are 

in clinical trials (McCormick et al, 2015; Hallin, J. et al, 2020). However, patients not carrying 

targetable alterations or KRAS mutations are still those with less therapeutic opportunities, relying 

on standard chemotherapy. The evolution of target therapy and immunotherapy has profoundly 

changed the panorama of the treatment of lung cancer, considerably reducing the use of 

conventional cytotoxic chemotherapy. However, despite early remission of disease and 
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improvement of outcome, patient’s prognosis remains poor, with an overall five years survival of 

17,8%, mainly due to drug resistance (Wong, M. et al, 2017). Thus, developing novel therapeutic 

strategies and, simultaneously, defining molecular mechanisms underlying drug resistance are 

issues of great importance to improve management of lung cancer patients. Moreover, searching 

for novel biomarkers associated with NSCLC aggressiveness is still a major challenge and is 

fundamental to develop new tools useful to define patient’s prognosis. 

 

BET-proteins and BRD4 

BET proteins (Mammalian Bromodomain and Extraterminal domain family) consist of four proteins 

named BRD2, BRD3, BRD4 and BRDT (fig.3) (Basheer et al, 2015). BRD2, BRD3 and BRD4 are 

ubiquitously expressed while BRDT is mainly expressed in testes (Belkina et al, 2012). 

 

 

 

 

 

 

 

 

All proteins of this family contain two bromodomains (BD1 and BD2, BDs), interacting with 

acetylated peptides and a conserved extraterminal (ET) domain, enhancing protein-protein 

interactions (fig.3). All these proteins can have overlapping or distinct functions in biological 

processes depending on context (Belkina et al, 2012; Roberts T. C. et al, 2017; Xu Y & Vakoc C. R., 

2017). 

Figure 3: BET proteins structure. BRD4 and other members of BET bromodomain proteins are shown. The numbers indicate amino 

acids positions. BD: bromodomain; ET: Extraterminal domain; CTD: C-Terminal domain. This figure is modified from Basheer et al, 2015. 

BRD1 

BRD2 

BRD3 

BRD4 

Figure 3 
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Bromodomain-containing protein 4 (BRD4), the best 

characterized BET protein (fig.4), is a co-transcriptional 

activator which interacts with acetylated lysines on 

histones through its BDs (Basheer F. et al, 2015). 

Acetylated histones, such as H3 acetylated on lysine 27 

(H3K27Ac) or lysine 9 (H3K9Ac), are generally enriched on 

promoters and enhancers of transcribed genes, marking 

open chromatin (Basheer F. et al, 2015; Igolkina AA. Et al, 

2019). The presence of multiple acetylated residues 

contributes to BRD4 recruitment to enhancers and 

promoters of genes, enhancing coding and non-coding 

genes transcription through well characterized molecular mechanisms (fig.5). In the conventional 

model, promoters and enhancers are physically brought in contact by multi-protein complexes 

including BRD4, leading to interaction between enhancers-associated transcriptional factors and 

Transcriptional Starting Sites (TSS) of genes, stimulating transcription beginning. BRD4 is a key 

element in governing chromatin structure and in bringing together distant regulatory elements (Wu, 

S.Y. & Chiang, C.M.,2007; Donati, B. et al, 2018). BRD4 is also a crucial player in stimulating proficient 

transcription, working as an adaptor to recruit the elongation factor P-TEFb and Mediator complex, 

leading to RNA-Pol II phosphorylation on serine 2 and release from pausing near the TSS (Patel, M. 

C. et al, 2013). In addition, BRD4 itself has been shown to have kinase activity, directly 

phosphorylating RNA-Pol II on serine 2 (Devaiah et al, 2012). In 2014, another mechanism has been 

described, in which BRD4 functions as histone chaperon assisting the progression of the active 

transcriptional complexes within the gene body (Kanno, T. et al, 2014). All these mechanisms can 

cooperate to direct and enhance transcription of genes involved in pro-oncogenic pathways (fig.5). 

 

Figure 4 
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Figure 4: Schematic representation of BRD4 interaction 

with acetylated histones. 1 and 2 represent the two 

bromodomain of the protein. This figure is modified 

from from Basheer F. et al, 2015 
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Figure 5: Scheme illustrating the multitude of BRD4 roles in the regulation of gene expression: BRD4 directly regulates transcription 
interacting with acetylated histones tails and physically bringing in contact promoters and enhancers of expressed genes. Moreover, 
BRD4 is involved in 1) Initiating transcription through the recruitment of transcription factors and mediator complex on promoter 
genes, 2) Releasing Pol2 from proximal promoter pausing, 3) elongating transcription and 4) chaperoning RNA Pol2 through 
hyperacetylated histone tails within gene body. The image is modified from from Basheer F et al, 2015 

 

BRD4 activity is particularly relevant in cancer since it controls the expression of well-known 

oncogenes to which cancer cells are addicted, including BCL2, WNT5A, RUNX2, KIT, FOSL1 and MYC 

(Donati, B. et al, 2018; Dawson, M. et al, 2011; Lockwood, W.W. et al, 2012; Loven, J. et al, 2013; 

Sancisi, V. et al, 2017). This activity provided the rationale for the development of BET proteins 

inhibitors which, blocking the expression of key oncogenes, counteract cancer progression (Donati 

B et al, 2018; Dowson, M et al, 2011; Lockwood W.W. et al, 2012; Loven, J et al, 2013; Zhao, Y. et al, 

2016; Fu, L.L. et al, 2015). 

 

 

 

 

 

 

 

Figure 5 
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BET-Inhibitors  

BET-Inhibitors (BETi) are epigenetic drugs, consisting in small molecules (including JQ1, OTX015, 

TEN-010 and CPI-0610) that compete with acetylated lysines on histones for the binding to BET 

proteins. These drugs cause BET proteins dissociation from chromatin, leading to target genes 

downregulation. It has been demonstrated that treatment with BETi induces cancer cells 

proliferation block, apoptosis and differentiation (Shimamura, T. et al, 2013; Gao, Z et al, 2018), due 

to repression of key oncogenes (fig.6). 

 

  

 

 

 

 

The promising efficacy of BETi on preclinical models provided the rationale to include these drugs 

in clinical trials for hematologic and solid neoplastic diseases, including lung cancer (Xu, Y. & Vakoc, 

C.R. et al, 2017; Manzotti, G. et al, 2019). Unfortunately, BETi showed limited efficacy as single-

agent therapy in unselected groups of patients affected by solid tumors (Postel-Vinay, S. et al, 2019). 

These findings indicate the need to unravel mechanisms of resistance to BETi, in order to identify 

predictive biomarkers of response that can help the selection of patients in future studies. 

Moreover, wider knowledge on BETi mechanism of action could lay the basis for the use of these 

drugs in combination with other anti-cancer compounds, with the aim to generate more durable 

patients’ responses.  

 

 

 

• Proliferation block 

• Apoptosis 

• Differentiation 

Figure 6: Image showing the molecular mechanism of BETi activity: BETi compete with acetylated histones for BRD4 binding. 

Treatment with BETi inhibits BRD4 interaction with acetylated histones tails and causes the consequent downregulation of target 

genes, leading to proliferation block, apoptosis and differentiation. 

Figure 6 
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Hippo Pathway 

Hippo Pathway is a universal regulator of 

organ size, tissue homeostasis and 

regeneration.  It has been identified in 

Drosophila through genetic screenings for 

tumor suppressor genes (Wu, S. et al, 

2003); however, most of recent studies 

focused attention on the role of this 

pathway in mammals (fig.7). The core of 

Hippo pathway, in mammals, is a kinase 

cascade in which MST1/2 (Ste20-like 

Kinases-1/2), homologs of the Drosophila 

Hippo [Hpo]), binds to SAV1 (Salvador 

Homolog 1), forming an active complex 

that phosphorylates and activate LATS1/2 

(Large Tumor Suppressor-1/2), homologs 

of Drosophila Warts [Wts]) (Chan, E.H.Y. 

et al, 2005). Activated LATS1/2 form a complex with MOB1A/B (Mob Kinase Activator 1A and 1B) 

and, in turn, phosphorylates the two final effectors of the Hippo Pathway: YAP (Yes-associated 

protein) and TAZ (transcriptional coactivator with PDZ-binding motif); two homologs 

of Drosophila Yorkie [Yki]), on specific serine (S) residues (S127 on YAP and S89 on YAP) (fig.7) 

(Meng, Z et al, 2016; Zheng, Y. & Pan, D. 2019). Phosphorylated YAP and TAZ are recognized by 14–

3-3 proteins, sequestered within the cytoplasm and/or degraded by the proteasome, with 

consequent loss of transcription activating functions. Conversely, when Hippo Pathway is inactive, 

unphosphorylated YAP and TAZ entry in the nucleus and associate with specific transcription factors, 

activating and/or enhancing gene transcription (Meng, Z et al, 2016; Zheng, Y. & Pan, D. 2019; 

Varelas, X. et al, 2008; Vassilev, A. et al, 2001). LATS1/2, MST1/2, SAV1 and MOB1A/B represent the 

core of Hippo pathway; however, other proteins and signals participate in YAP/TAZ regulation. NF2 

(Neurofibromin 2) is a plasma membrane associated protein, interacting with LATS1/2 and 

physically positioning LATS1/2 for being phosphorylated by MST1/2 (Yin, F. et al, 2013).  TAOK genes 

(Thousand And One Amino Acid Protein Kinases) (TAOK1/2/3) phosphorylate and activate MST1/2 

but also LATS1/2 through MST1/2 independent mechanisms (Plouffe, S. W. et al, 2016). Angiomotin 

family members AMOT (Angiomotin) and AMOTL1/2 (Angiomotin like 1 and 2) are able to bind and 

Hippo Pathway 

Figure 7: Scheme representing Hippo Pathway core components in 

Drosophila (on the left) and in mammals (on the right). MST1/2 kinase 

(homolog of the Drosophila Hippo) bind to SAV1 and phosphorylates and 

activates LATS1/2 (homolog of the Drosophila Warts). Phosphorylated 

LATS1/2 interact with MOB1/A and phosphorylates the two final effectors 

YAP and TAZ (homologs of Drosophila Yorkie). phosphorylated YAP and 

TAZ are inactivated and accumulated in cytosol, with the consequent loss 

of their pro-oncogenic transcriptional activity. 

Figure 7 
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activate NF2, which in turn positively regulates LATS1/2 (Plouffe, S. W. et al, 2016; Li, Y. et al, 2015). 

Angiomotin proteins also bind LATS1/2 and promote their kinase activity and YAP phosphorylation, 

functioning as scaffolds that connect LATS1/2 to both MST1 and YAP (Li, Y. et al, 2015). RASSF1A is 

another modulator of Hippo signalling, acting upstream of MST1/2 (Plouffe, S. W. et al, 2016). 

YAP and TAZ 

YAP and TAZ transcriptional cofactors are the two downstream effectors of Hippo pathway. Hippo 

signalling inactivation causes YAP and TAZ nuclear translocation and the activation of a specific gene 

expression program, controlling both normal tissues homeostasis and cancer initiation and 

progression. These two transcriptional cofactors lack DNA-binding domains, requiring the 

association with other transcriptional factors in the cell nucleus to direct and enhance transcription 

of specific genes (fig.7). 

 

Fig.8 reports the main functional domain of the two cofactors. WW domains are mediators of 

protein-protein interactions and are responsible of YAP/TAZ binding to a number of regulatory 

proteins and transcription factors, including LATS1/S, AMOTs, SMADs (Mothers Against DPP 

Homolog) and RUNXs (Runt-Related Transcription Factors). On the contrary, the interaction with 

transcription factors of the TEAD family (TEA domain transcription factors) is supported by the TEAD 

binding domain. The 14-3-3 binding domain comprises the serine that is the main target of LATS1/2 

phosphorylation (S89 for TAZ and S127 for YAP) and mediates cytoplasmic retention through binding 

to proteins of 14-3-3 family. Both YAP and TAZ show a C-terminal phosphodegron (S381 for YAP and 

S311 for TAZ), mediating -TrCP (beta-transducin repeat containing gene) recognition when 

phosphorylated and promoting proteasomal degradation. TAZ shows an additional N-terminal 

phosphodegron, comprising serines 58/62. Both proteins carry a coiled-coil domain, mediating 

heterodimerization between YAP and TAZ and a C-terminal transactivation domain, essential for 

transcription activation (Reggiani et al, 2020).  

Figure 8: Scheme representing domains of the Hippo pathway effectors YAP and TAZ. Main regions include: TEADs binding 

domain (TEAD BD), 14-3-3 binding domain (14-3-3 BD), the WW domains (two for YAP and one for TAZ), the transcriptional 

activation domain (TAD) and the PDZ-binding domain. 

Figure 8 
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Besides TEADs and SMADs, other nuclear factors associate with YAP and TAZ and regulate their 

activity. For example, AP1 factor is known to interact with YAP/TAZ/TEAD complex to enhance the 

expression of target genes (Zanconato, F. et al, 2015). TBX5 (T-box transcription factor 5), member 

of T-box family of transcription factors, associates with β-catenin and YAP, thus resulting in survival 

and transformation of beta-catenin-active cancer cells (Rosenbluh, J. at al, 2012). On the contrary, 

association with other players induces YAP/TAZ inhibition. ARID1A (AT-rich interaction domain 1A) 

promotes the association between YAP/TAZ and the SWI/SNF complex. This interaction is regulated 

by cellular mechano-transduction and is predominant in cells with low mechanical signalling. At high 

levels of mechanical stress, ARID1A is sequestered by F-actin, in favour of an association between 

TEAD and YAP/TAZ (Chang, L. et al, 2018). TIAM1 (T Cell Lymphoma Invasion And Metastasis 1) 

suppresses the association between YAP/TAZ and TEADs, thus inhibiting YAP/TAZ pro-oncogenic 

program (Diamantopoulou, Z. et al, 2017). As emerging significant player, the VGLL4 protein 

(Vestigial Like Family Member 4) was shown to be a natural antagonist of YAP: VGLL4 competes with 

TEADs for YAP/TAZ binding, thus inhibiting YAP/TAZ/TEAD complex transcriptional activity (Jiao, S. 

et al, 2014).  

YAP and TAZ are involved in various aspects of embryogenesis, physiology and control of organ 

growth, being considered as master regulators of processes involved in the correct development. 

During lung organogenesis, YAP and TAZ are crucial regulators of cell proliferation, differentiation 

and lineage specification. Homozygous YAP KO causes developmental arrest around E8.5, with yolk 

sac vasculogenesis defects and abnormalities in the embryonic axis, while conditional deficiency of 

YAP leads to defective development or homeostasis in various tissues. TAZ KO mouse are viable but 

show kidney disease and lung emphysema (Morin-Kensicki, et al,2006; Hossain, Z. et al, 2007; 

Makita, R. et al, 2008; Lin, C. et al, 2017). On the contrary, high levels of YAP/TAZ generally promote 

stemness and inhibit differentiation. During lung development, the epithelial expression of YAP and 

TAZ is sequentially required for correct organ formation (Isago, H. et al, 2020). In some organs, like 

heart, liver and intestine, increased expression of YAP/TAZ leads to increased organ size (Varelas, 

X.; 2014; Gise, A. von et al, 2012; Camargo, F.D. et al, 2007). On contrary, during heart development, 

loss of both TAZ and YAP impairs cardiomyocyte proliferation by increasing cells apoptosis (Varelas, 

X., 2014). In other organs, like pancreas, breast, salivary glands and kidney, the correct expression 

of YAP and TAZ and the correct balance between the two paralogues are required for normal 

differentiation (Varelas, X., 2014; Chen, Q. et al, 2014). Further, during osteogenesis, YAP and TAZ 

exert combinatorial roles by regulating bone formation, remodeling and matrix mechanical 
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properties and their KO causes skeletal defects (Kegelman, C.D. et al, 2018). The role of YAP and TAZ 

has also been studied in nervous system, where YAP reduced levels impair the number of 

neuroepithelial cells, while increased YAP/TEAD activity drives the expansion of these cells (Cao, X. 

et al, 2008). 

Pathways converging on YAP/TAZ regulation 

Besides Hippo signalling, multiple different proteins and pathways converge on YAP/TAZ final 

regulation; some of these directly controlling YAP/TAZ activity, while others controlling MST/LATS 

activation. Both YAP and TAZ show a tyrosine residue that can be phosphorylated by c-ABL (Abelson 

Murine Leukemia Viral Oncogene Homolog), c-YES (YES Proto-Oncogene 1, Src Family Tyrosine 

Kinase) and SRC (SRC Proto-Oncogene, Non-Receptor Tyrosine Kinase) (Jang, E. J. et al. 2012; Levy 

et al, 2008; Zaidi, S.K. et al, 2004). Additionally, TAZ is phosphorylated by GSK3B (glycogen synthase 

kinase 3B) in specific serines (Huang, W. et al 2012). Furthermore, TAZ and YAP phosphorylation 

mediated by LATS1 and LATS2, allows subsequent CK1 (Casein Kinase 1) phosphorylation. GSK3B 

and CK1-dependent phosphorylation recruit -TrPC to enhance TAZ and YAP degradation (Liu, C.Y. 

et al, 2010; Zhao, B. et al, 2010).  

The complex interplay between YAP/TAZ and WNT-signalling has been extensively explored: WNT 

signal is able to inhibit GSK3B, thus resulting in TAZ and −catenin increased levels and nuclear 

activity. In the absence of WNT, YAP and TAZ take part in the -catenin destruction complex, 

stimulating -catenin degradation and inhibiting its nuclear translocation. In the presence of WNT, 

YAP and TAZ are displaced from this complex and translocated into the nucleus where they activate 

WNT/YAP/TAZ downstream biological functions (Azzolin, L. et al,2014). Moreover, an alternative 

WNT-signalling converges on LATS1/2 to activate YAP and TAZ. This alternative WNT-signalling 

consists on Wnt-FZD/ROR-Ga12/13-Rho-Lats1/2-YAP/TAZ-TEAD (Park, H.W. et al, 2015).  

YAP and TAZ are also important mediators of the biological effects observed in response to 

mechanical cues. The sensing and the translation of mechanical and cytoskeletal forces (cell shape 

changing, ECM elasticity and intracellular tension) into biochemical signals, involves the activation 

of genes and signalling cascades controlled by YAP and TAZ activity. It was shown that YAP and TAZ 

are nuclear and active under experimental mechanical conditions favouring high intracellular 

resisting forces and they are cytoplasmic and inactive under low contractile forces (Dasgupta, I. & 

McCollum, D. 2019; Halder, G. et al, 2012). Furthermore, the activity and the localization of TAZ and 

YAP is also regulated by metabolic pathways as mevalonate pathway, glycolysis and nutrient-sensing 

pathways. Some of the intermediates of the mevalonate pathway generate protein prenylation, 
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facilitating protein attachment to cell membranes. Protein prenylation is an important mechanism 

governing YAP/TAZ regulation, bringing out mevalonate pathway as fundamental regulator of 

YAP/TAZ activity (Sorrentino, G. et al, 2014; Koo, J.H. & Guan, K.L. et al, 2018). In addition, the 

removal of glucose in culture medium has been shown to increase TAZ/YAP phosphorylation and 

cytoplasmic localization and glycolysis inhibition induced dramatic TAZ/YAP phosphorylation and 

inactivation. Finally, fatty acids, GPCR ligands, phospholipids, glucagon and epinephrine receptors 

are able to participate to TAZ and YAP activation (Koo, J.H. & Guan, K.L. et al, 2018). 

In summary, multiple extra-cellular signalling and intra-cellular pathways converge on YAP and TAZ 

regulation, through the balance of their nucleo-cytoplasmic shuttling and the definition of their 

overall nuclear amount and transcriptional activity. 

 

YAP and TAZ role in tumorigenesis 

Recently, several works show that the aberrant activity of TAZ and YAP is associated with tumor 

initiation and progression, despite only rare mutations in upstream Hippo genes have been 

discovered (Zanconato, F. et al, 2015; Zanconato, F. et al, 2016). Increased activity of YAP and TAZ, 

has been associated with several cancer cells features, including stemness, aggressiveness, 

migration, metastasis potential and EMT (Basu-Roy, U. et al, 2015; Li, J. et al, 2019; Shao, D. D. et al, 

2014; Park, J. et al, 2019). In particular, TAZ activity is required for the maintenance and self-renewal 

in breast and head and neck carcinoma, while in glioblastoma and osteosarcoma the stemness 

phenotype is sustained by YAP activation (Basu-Roy, U. et al, 2015; Li J., Zhongwu L. et al, 2019). The 

overexpression of TAZ and YAP is associated with poorer outcome and cell differentiation in 

hepatocellular and cholangiocarcinoma (Patel, S.H. et al, 2017; Xu, M.Z. et al 2009). Both YAP and 

TAZ correlates with lung cancer metastasis and progression. In NSCLC patients, their expression is 

associated with tumor grade and metastasis, while, in xenograft models derived from NSCLC cell 

line A549, their downregulation attenuates tumor formation (Lau, A.N. et al, 2014; Lo Sardo et al. 

2018; Noguchi, S et al, 2014). Their aberrant expression is associated with lymph node and brain 

metastasis in NSCLC (Su, L.L. et al, 2012; Hsu, P.C. et al, 2018). Moreover, SCLC cell lines with poor 

neuroendocrine differentiation, show relatively high TAZ and YAP expression and a non-adherent 

cell morphology (Horie, M et al, 2016). These findings suggest that the potential evolution of drugs 

against YAP and TAZ may be a promising therapeutic choice to counteract cancer progression. 
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To date, several strategies have been pursued for the inhibition of TAZ and YAP activity. In 2012, 

verteporfin was identified as a small molecule able to disrupt the interaction between YAP and 

TEADs (Liu-Chittenden, Y. et al, 2012; Wang, C. et al, 2016). Furthermore, peptides mimicking VGLL4 

(Vestigial Like Family Member 4) functions have been proposed to antagonize YAP activity (Jiao, S. 

et al, 2014). Similarly, in 2015, YAP-like peptides have been developed to disrupt YAP-TEAD 

complexes and to reduce tumor progression (Zhou, Z. et al, 2015). Statins were shown to prevent 

TAZ/YAP nuclear accumulation through the inhibition of the enzyme of the mevalonate pathway 

HMG-CoA reductase (Sorrentino, G. et al, 2014). Finally, given that TEADs activity depends on its 

palmitoylation, developing inhibitors of palmitoylation is a novel potential therapeutic strategy to 

counteract YAP/TAZ/TEADs program (Chan, P. et al, 2016; Kim, N.G. & Gumbiner, B.M. et al, 2019). 

Even if until recently YAP and TAZ were considered as functionally redundant in cellular functions, 

a great amount of literature is emerging considering YAP and TAZ as ‘non identical twins’, from 

embryogenesis to cancer development and progression. These studies highlight that structural 

differences, differential splicing regulation and post-translation modifications in YAP and TAZ, 

supporting the interaction with different transcriptional factors and the existance of differential 

regulatory mechanism, finally generating divergent transcriptional programs (Reggiani, F. et al, 

2020). These studies, still to be further explored, are of a great importance when considering YAP 

and TAZ as possible targets for the development of specific anti-cancer compounds and when 

considering YAP and TAZ as biomarkers for cancer progression and patient’s prognosis. 

 

YAP and TAZ and cancer drug resistance 

The interest regarding YAP and TAZ role in tumorigenesis is also due to their participation to 

resistance to most anti-cancer drugs used in clinical practice, making them responsible, at least in 

part, of patient’s therapy failure (Reggiani et al, 2020). Mounting evidences indicate that signalling 

upstream of YAP and TAZ are important in the response to chemotherapy (Ren, A. et al, 2008; Zhao, 

Y. et al,2014; Zhao, Y. & Yang, X., 2015). TAZ-TEAD complex is an important modulator of taxol 

resistance in breast cancer by positively regulating its main effectors Cyr61 (Cysteine Rich 

Angiogenic Inducer 61) and CTGF (Connective Tissue Growth Factor) and TAZ increased expression 

is responsible for doxorubicin resistance (Bartucci, M. et al, 2015). TAZ is also implicated in taxol, 

gemcitabine and anti-tubulin drugs resistance in various cancer settings (Zhao, Y. & Yang, X., 2015; 

Xu, W. et al, 2017; Zhan, T. et al, 2018).  YAP is involved in chemotherapy resistance as well. YAP 
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participates to taxol resistance in colorectal cancer, to 5-Fluorouracile (5FU) resistance in colon and 

esophageal carcinoma and to anti-tubulin drugs resistance (Zhao, Y. et al,2014; Touil, Y. et al, 2014; 

Song, S. et al, 2015). In addition, TAZ and YAP promote resistance to targeted therapy. TAZ is 

associated with EGFR-inhibitor (EGFRi) resistance in NSCLC and in TNBC (Triple negative breast 

cancer) (Xu, W. et al, 2015; Guo, L. et al, 2016). YAP is associated with resistance to cetuximab in 

colorectal cancer (Lee, K.W. et al, 2015) and to EGFRi in NSCLC where its expression also associates 

with worst prognosis (Lee, J.E. et al, 2016; Hsu, P.C. et al, 2016; Hong, S.A. et al, 2018; Lee, T.F. et al, 

2018). In addition, YAP is associated with resistance to sorafenib in hepatocellular carcinoma (Gao, 

J. et al, 2019), to PI3K/mTOR inhibitors and to cell cycle kinase WEE1-inhibitor in ovarian cancer 

(Muranen, T. et al, 2016: Oku, Y. et al, 2018). Both YAP and TAZ participates to BRAF-inhibitors 

resistance in melanoma patients (Lin, L. et al, 2015; Kim, M.H. et al, 2016), to Cycline dependent 

kinase 4/6 (CDK4/6)-inhibitors resistance and Receptor Tyrosine-Protein Kinase ErbB-2 (HER2)-

inhibitors resistance in breast cancer (Li, Z. et al, 2018; Liu, L. et al, 2009). Finally, YAP and TAZ 

activity also participate to hormone therapy resistance (Liu, J. et al, 2019; Guo, Y. et al, 2017) in 

breast and prostate cancer. 

 

Long non-coding RNAs  

High-throughput genomic projects such as FANTOM and ENCODE revealed that about 75% of human 

genome is transcribed and over 50000 loci transcribe long non coding RNAs (lncRNAs), 

outnumbering coding transcripts (Djebali S. et al, 2012; Iyer, M.K. et al, 2015). LncRNAs are RNA 

molecules longer than 200 nt that do not code for proteins. They comprise an heterogeneous class 

of intragenic and intergenic transcripts such as enhancer RNAs (eRNAs) and sense or antisense 

transcripts that may or not overlap with coding genes (St Lauren, G. et al, 2015; Ulitsky, I. et al, 2016; 

Hon, C.C. et al, 2017). LncRNAs have been implicated in many biological processes, such as: 1) 

regulation of transcription in cis or in trans, 2) modulation of mRNA processing, post-transcriptional 

control, proteins activity regulation and localization, 3) organization of nuclear domains and 

chromatin dynamics, 4) regulation of miRNA activity (Rinn, J.L. & Chang, H.Y.; 2012; Dykes, I.M. & 

Emanueli C.; 2017; Peng, W.X. et al, 2017). Besides their role in physiological cellular processes, 

lncRNAs are abundantly expressed and their de-regulated expression is associated to tumorigenesis, 

aggressiveness, metastasis and tumor stage in a variety of cancer settings (Vitiello, M. et al, 2015; 

Khandelwal, A. et al, 2015). In addition, they show a specific tissue/cancer expression and can be 

detected also in blood and/or urine. Thus, lncRNAs can be considered as novel biomarkers to predict 
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tumor stage, metastasis, aggressiveness and patient’s prognosis and, in future, may be considered 

also therapeutic targets for cancer treatment.  

 

Natural Antisense Transcripts (NATs) 

A particular class of lncRNAs are the Natural Antisense Transcripts (NATs). These lncRNAs are 

transcribed from the opposite DNA strand of protein coding genes and can be alternatively located 

within gene promoters, gene body or at the end of genes, thus resulting in a possible overlap 

between sense and antisense RNAs. NATs are abundantly present in the human genome and, 

although they may have also other functions, are known to regulate neighboring genes in cis 

through different mechanisms. In particular, transcription collision, RNA-DNA interactions, 

chromatin alteration, RNA-duplex formation, alternative splicing and termination, RNA transport 

and editing and protein translation regulation are the main mechanisms through which NATs 

modulate the expression of neighboring genes in cis (Faghini, M.A. et al 2009). For example, the 

lncRNA GAS6-AS1 is able to promote cell proliferation, migration and invasion both in vitro and in 

vivo controlling the expression of GAS6 (Growth Arrest Specific 6) neighboring gene both at 

transcriptional and translational level (Zhang, P. et al, 2019). The lncRNA FOXC2-AS1 forms an RNA-

RNA duplex with its cognate FOXC2 (Forkhead Box C2) gene, necessary for FOXC2-AS1-mediated 

FOXC2 regulation (Zhang, C.L. et al, 2017). In lung cancer, the lncRNA FAM83A-AS1 promote cells 

proliferation and invasion through the regulation of FAM83A (Family With Sequence Similarity 83, 

Member G) cognate gene (Shi, R. et al, 2019). The lncRNA TMPO-AS1 is overexpressed in NSCLC cells 

and tissues and correlates with the expression of TMPO (Thymopoietin) cognate gene. TMPO-AS1 

main function is to regulate the stability of TMPO RNA (Qin, Z. et al, 2019). The lncRNA AFAP1-AS1 

is upregulated in NSCLC where promotes cells migration and proliferation through AFAP1 (Actin 

Filament Associated Protein 1) expression regulation (He, J. et al, 2018). 

 

LncRNAs in Lung Cancer 

The role of several lncRNAs has been characterized in NSCLC, even if a complete comprehension of 

the molecular mechanisms behind their functions is not available. They can act either as tumor 

suppressors or oncogenes and their dysregulation is associated with tumor cell growth, invasion, 

migration, apoptosis and metastasis (Roth, A. & Diederichs, S. 2016). In addition, given their role in 

pathophysiological pathways, they are gaining increasing attention as novel potential anti-cancer 

drugs targets (Zhang, Y. & Tang, L.; 2018). 
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The lncRNAs HOTAIR (HOX Transcript Antisense Intergenic RNA), MALAT1 (Metastasis-Associated 

Lung Adenocarcinoma Transcript 1), H19 and PVT1 (Plasmacytoma Variant Translocation 1) are 

examples of important players in lung cancer, being all upregulated and promoting growth, invasion 

and proliferation of NSCLC cells.   

HOTAIR has been reported to have increased expression in lung cancer tissues compared to 

adjacent normal tissues and its expression correlates with advanced pathological stage and lymph 

node metastasis (Liu, X. et al, 2013). HOTAIR main function is to modulate the cancer epigenome, 

through binding with different histone modification complexes and, thus, changing the chromatin 

status to modify gene expression. HOTAIR-dependent reprogramming of gene expression leads to 

enhanced proliferation, aggressiveness, metastasis and drug resistance.  

MALAT1 has been associated with high metastatic potential and poor NSCLC patient’s prognosis (Ji, 

P. et al, 2003). This lncRNA is widely expressed in normal tissue but is upregulated in prostate, 

breast, lung, colon, liver and uterus tumors. MALAT1 overexpression promotes lung cancer 

metastasis, while its downregulation has the opposite effect (Tang, Y. et al, 2018). In addition, 

MALAT1 promotes EMT of lung adenocarcinoma cells by controlling SLUG expression by competing 

for mir-204 and MALAT1-induced EMT is required for efficient brain metastasis (Li, J. et al, 2016; 

Shen, L. et al, 2015).  

H19 is upregulated during embryogenesis and downregulated in adult tissues. Like other players 

important during embryonic development, H19 is upregulated in cancer tissues, including lung, 

gastric, colorectal and breast cancer (Peng, F. et al, 2017; Wu, K.F. et al, 2017; Cui, J. et al, 2015; 

Hashad, D. et al, 2016). In lung adenocarcinoma, H19 expression correlates with TNM stage and 

metastasis and patient’s carrying H19 upregulation show worse cisplatin response (Wang, Q. et al, 

2017). There are several different molecular mechanisms through which H19 exerts its functions. In 

particular, the exon 1 of H19 is reported to generate two microRNA: miR-675-5p and miR-675-3p. 

Furthermore, H19 is able to regulate the expression of target genes by influencing methylation 

processes, through the recruitment of epigenetic regulatory factors on chromatin (Alipoor, B. et al, 

2020) 

PVT1 is highly expressed in lung cancer tissue compared with normal tissues (Huang, C. et al, 2016; 

Cui, D. et al, 2016). Silencing this lncRNA results in lung cancer cells proliferation block and enhanced 

apoptosis. Moreover, Increased PVT1 expression has been associated with increased tumor size and 

poor overall survival in lung cancer patients. Two molecular mechanisms explaining PVT1 activity 
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have been described: 1) PVT1 binds EZH2, thus repressing the transcription of the onco-suppressor 

Hippo pathway protein LATS2 (Wan, L. et al, 2016) 2) PVT1 works as a sponge for miR-195, 

enhancing proliferation and reducing apoptosis and radio-sensitivity (Wu, D. et al, 2017). 

The established key roles of many lncRNAs in physiology and cancer, highlights the importance of 

characterizing novel lncRNAs that may be implicated in the regulation of relevant pathways in 

tumorigenesis.  

 

EPH-Ephrin Signalling 

EPH-ephrin signalling is a short distance cell-cell communication system generating a bidirectional 

signal in two cells upon binding between an EPH-receptor-expressing cell and an ephrin-ligand-

expressing cell. There are two subfamilies of EPH receptors: EPHA and EPHB receptors, which are 

both implicated in disease and cancer (Xi, H.Q. et al, 2012). In the human genome, there are 9 EPHA 

receptors which bind 5 ephrin-A ligands and 5 EPHB receptors, which bind 3 ephrin-B ligands. Ephrin 

ligands are divided in glycosylphosphatidylinositol (GPI)-linked ephrin-A and transmembrane 

ephrin-B classes, based on their modality of association to cell membrane and on differential affinity 

Figure 9: A) Image representing the structural domain of EPH receptors and ephrin ligands and their positioning on cell surface. Eph-ephrin 
signaling relies on specific functional domains present in Ephs and ephrins proteins. Eph receptors are composed of a ligand-binding domain 
(LBD), which binds the receptor-binding domain (RBD) of ephrins. The LBD domain is linked to a Cys-rich domain, formed by a Sushi and an 
Epidermal-growth factor (EGF)-like domain and two fibronectin (FN1 and FN2) domains. Moreover, the EPH receptor comprises a 
trasmembrane region (TM) and am intracellular region, formed by a Tyr kinase domain (TK), a sterile alpha motif (SAM) and a PDZ binding 
domain. Ephrins are divided into A and B classes: class A is linked to the membrane via a glycosylphosphatidylinositol (GPI) linkage, whereas 
B class has a transmembrane domain and an intracellular PDZ binding domain. B) EPH-ephrin signaling can occur in various modes, 
depending on context and on the direction of the signal. In the figure, is reported the classical model of EPHB/ephrin B bi-directional 
signaling, where EPH-ephrin binding results in the phosphorylation of the intracellular domain of both EPH receptor and ephrin ligand, 
resulting in the activation of a response in both cells and in the final repulsion of cells. These images are modified from Kania, A. & Klein, R., 
2016. 
 

 

Figure 9 
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for the EPHA or EPHB classes of receptors (Pasquale E.B. et al, 2010; Campbell T.N. et al, 2008) (fig. 

9A-B). 

In the classic model of EPHB/ephrinB interaction, transmembrane or membrane-associated ephrins 

act as ligands for EPH receptors located on the membrane of neighbouring cells (fig. 9B). To elicit 

robust Eph receptor signaling, ephrins and receptors are presented as clusters on cells membranes 

(Davis, S. et al, 1994). Upon binding, the kinase activity of EPH receptor is activated, resulting in the 

autophosphorylation of EPH juxtamembrane tyrosine residues and the activation of forward 

signaling. On the other cell, the phosphorylation of the intracellular domain of ephrin ligand by 

intracellular kinases is the event that initiates the reverse signaling. Once intracellular signaling is 

initiated, ephrins and EPH receptors dissociate, through proteolytic cleavage or complexes 

internalization by endocytotic vesicles (Zimmer, M. et al, 2003; Wilkinson, D.G., 2003; Lin, K.T. et al, 

2008). EPH-ephrin signal transduction comprises the activation of intracellular proteins, including 

Src family kinase, Vav2, Vav3, Nck1, Nck2 and PI3K. In turn, these effectors are coupled with Rho 

GTPase such as Rac1 and RhoA which can modulate and rearrange actin cytoskeleton, thus resulting 

in cell repulsion (Kania, A. & Klein, R.; 2016). The EPH and ephrin families exert a fundamental role 

during embryogenesis, allowing processes as neurogenesis, synaptogenesis, axon guidance, tissue 

separation and boundary formation, blood and lymphatic vessel development and organ size 

determination. They also control processes important during adulthood, as cell-cell adhesion, cell 

proliferation and cell migration (Kania, A. & Klein, R.; 2016). In addition, multiple EPH receptors and 

ephrin ligands are deregulated in cancer tissues and tumor microenvironment, influencing tumor 

properties by the enhancement of aberrant cell-cell communication within cells and between tumor 

compartments (Castano, J. et al, 2008; Surawska, H. et al, 2004; Chen, J. et al, 2015; Ireton, R.C. & 

Chen, J. et al, 2005; Noren, N.K. et al, 2007; Gao, Q. et al, 2014; Sato, S. et al, 2019; Zhao, C. et al, 

2017). Different EPH receptors and ephrins show contrasting behavior in cancers, displaying both 

anti – and pro-oncogenic properties. While the pro-oncogenic role of EPHA receptors has been 

established, being overexpressed in melanoma, glioma, prostate, breast, ovarian, lung, esophageal, 

gastric, cervical and bladder cancer (Ireton, R.C. & Cheng; 2005; Day, B.W. et al, 2013; Vail, M.E. et 

al, 2014), a double tumor-promoting and suppressive role has been reported for EPHB receptors, 

depending on cancer context and, sometimes, on different stage of the same cancer (Solanas, G & 

Batlle, E., 2011). For example, EPHB2 expression suppresses tumor growth in prostate cancer 

(Huusko, P. et al, 2004) and its downregulation correlates with poor prognosis in colorectal cancer 

patients (Guo, D.L. et al, 2006; Jubb, A.M. et al, 2005; Cortina C. et al, 2007). On the contrary, in lung 

cancer, EPHB2 expression is associated with worse prognosis (Zhao, C. et al, 2017), even if a 



23 
 

complete understanding of the molecular mechanism of EPHB2 regulation and activity in different 

settings remains elusive. Despite this complexity, the location of EPH receptors on cell surface make 

these proteins promising candidates for therapeutic intervention in cancer and their molecular 

structure make them accessible to be targeted by various molecules (Janes, P.W. et al, 2020). To 

date, clinical trials with molecules against EPHA and molecules targeting all EPH receptors are 

available for glioblastoma, glioma and different solid tumors (http://www.clinicaltrial.gov) 

However, the dissection of the signals regulating EPH receptors activation and their specific role in 

different cancer setting remain a major challenge to ensure the most appropriate management for 

patients. 
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PRELIMINARY DATA 

Genome Scale CRISPR/Cas9 screening on A549 Lung Cancer cell line 

Given the recent interest in BETi anti-cancer therapy, our laboratory previously performed a 

genome-scale CRISPR/Cas9 knockout screening in A549 NSCLC cell line with the aim of 

characterizing genes responsible for resistance and/or susceptibility to BETi treatment in lung 

cancer. A549 cells, previously engineered with stably expressing Cas9 (fig.10A), were infected with 

GeCKOv2 library (Sanjana NE et al, 2014) and treated with the pan-BETi JQ1 or vehicle (MOCK) and 

DNA was collected at three different time points (5, 9 and 14 days) (fig.10B). The frequency of each 

sgRNA in the GeCKOv2 library was assessed by amplification and deep sequencing of the library. The 

library is divided in two semi-libraries and each gene is targeted by 3 different sgRNAs per semi-

libraries. With this method, we followed the contribution of 19050 genes and 1864 miRNAs in 

modulating JQ1 response in A549 lung cancer cell line. The sgRNAs we found depleted after JQ1 

treatment are expected to target genes important for JQ1 resistance and the sgRNAs we found 

enriched after JQ1 treatment are expected to target genes important for JQ1 susceptibility. As seen 

in fig.10C, sgRNAs targeting 889 genes were enriched, whereas sgRNAs targeting 1134 genes were 

depleted in all MOCK samples, identifying genes that modulate proliferation in this cell line. SgRNAs 

targeting 952 genes were enriched, whereas sgRNAs targeting 682 genes were depleted in all JQ1-

treated samples, indicating genes modulating JQ1 response. Intriguingly, the BTP/POZ domain 

protein SPOP was found to be among the 20 top hits of enriched genes at 9 and 14 days after JQ1 

treatment. SPOP has been recently associated with JQ1 sensitivity in prostate and ovarian 

carcinoma (Dai, X. et al, 2017; Janouskova H. et al, 2017), confirming the validity of the screening 

performed.  Among the 20 top hits of genes enriched at 5, 9 and 14 days of JQ1 treatment, we found 

the sgRNAs targeting four genes belonging to the Hippo Pathway, LATS2, TAOK1, NF2 and AMOTL2 

(fig.10D-E), suggesting the involvement of Hippo Pathway in mediating BETi sensitivity in lung 

cancer. Interestingly, these four genes were found also enriched in MOCK samples, but their 

enrichment resulted higher in JQ1 treated samples, indicating that Hippo Pathway plays important 

role both in restraining cells proliferation and in mediating JQ1 sensitivity. These preliminary data 

suggest a relevant role for Hippo Pathway in lung cancer progression and in BETi response. 
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Figure 10 

Figure 10:  A) Western blot showing different A549/Cas9 clones with different levels of Cas9 expression. For the screening and the 

following experiments A549/Cas9 #19 was chosen. B) Graphic showing an overview of CRISPR/Cas9 screening. C) Venn diagrams 

showing the number of genes correspondent to enriched or depleted sgRNAs at each time point in library A.  Volcano plot showing 

beta-value and FDR adjusted p-value distributions at the three different time points. D) Volcano plot showing beta-value and FDR 

adjusted p-value distributions at the three different time points. E) Scatter plot analysis showing normalized read counts (log scale) 

of JQ1 treated or DMSO treated samples (MOCK) at the three different time points. The sgRNAs targeting the selected enriched genes 

are highlighted with different colours. These figures are from Gobbi et al, 2019. 
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LncRNA TAZ-AS202 and TAZ-AS203 

While TAZ is not required for normal tissue homeostasis in adults, numerous studies highlighted its 

pivotal role in lung tumor formation, survival, stemness, progression, metastasis and resistance to 

various anti-cancer compounds. As previously described, TAZ over-expression has been detected in 

about 66% of lung cancer patients. However, few mutations are present on TAZ or Hippo pathway 

genes, suggesting that other mechanisms regulate its expression and activity. We noticed that TAZ 

genomic locus comprises two uncharacterized antisense lncRNAs named TAZ-AS202 (1700 nt) and 

TAZ-AS203 (980 nt) (Gene ID:100128025, Transcript ID: ENST00000479752.1 and 

ENST00000495094.1 respectively) that share with the TAZ gene the same promoter region and are 

transcribed in antisense orientation (fig.11). Transcription of TAZ-AS203 initiates in the region of 

TAZ reference transcript exon 2, producing an RNA molecule partially overlapping with TAZ, whereas 

TAZ-AS202 does not overlap with TAZ reference transcript. 

 

 

 

 

 

 

 

 

To date, no literature is available concerning the role of TAZ-AS202 and TAZ-AS203 in physiology 

and cancers, except for one paper regarding TAZ-AS202 in head-neck squamous cell carcinoma (Li, 

J. et al, 2019), linking the overexpression of TAZ-AS202 with TAZ overexpression and poor overall 

survival in patients. However, the biological function of these TAZ-associated lncRNAs remains 

elusive in lung cancer. Given the relevant role for NATs in the regulation of neighbouring gene in cis, 

our first hypothesis was that TAZ-AS202 and TAZ-AS203 may regulate the expression of TAZ in lung 

cancer and may be part of the TAZ pro-oncogenic program. 

TAZ 

TAZ-AS203 

TAZ-AS202 

Figure 11: The image represents TAZ genomic locus obtained from Genome Browser. In black are reported the different annotated 
isoforms of the TAZ gene. In light blue is reported the lncRNA TAZ-AS203, 980 nt long and transcribed in antisense orientation 
compared to the TAZ gene. In dark blue is reported the lncRNA TAZ-AS202, 1700 nt long and transcribed in antisense orientation 
compared to the TAZ gene. The lines in red represent putative TEADs binding sites while the line in green represent a putative SMAD3 
binding site obtained from JASPAR database. 

 

Figure 11 
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AIMS OF THE PROJECT 

 

 

• Drug-resistance has been described as the main cause of therapeutic failure and tumor 

progression. This project aims to clarify the effect of the Hippo pathway members LATS2, 

TAOK1, NF2 and AMOTL2 in lung cancer response to anti-cancer drugs BETi.  

• Given the established role of TAZ in lung tumorigenesis, the full characterization of the 

molecular mechanisms governing its expression and activity represents a major challenge. 

The presence of two uncharacterized lncRNAs that share with the TAZ gene the same 

promoter region, suggests that these molecules may take part in lung cancer progression 

through TAZ regulation. The second part of the project aims to characterize the role of TAZ-

AS202 and TAZ-AS203 in lung cancer and to dissect the possible crosstalk with TAZ.  
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RESULTS:  

Knockout of LATS2, TAOK1 and NF2 confers resistance to JQ1 

The CRISPR/Cas9 screening described in the Preliminary Data section identified the Hippo pathway 

members LATS2, TAOK1, NF2 and AMOTL2 as susceptibility genes for JQ1. First, we validated the 

Hippo pathway genes as important for JQ1 susceptibility, generating single knockout (KO) of LATS2, 

TAOK1, NF2 and AMOTL2 in A549 cells stably expressing Cas9 and evaluating the response to JQ1 

treatment. For each gene, we individually cloned three sgRNAs sequences derived from GeCKOv2 

semi-library A in LentiGuide-Puro plasmid (from Addgene).  We also cloned sgRNAs targeting SPOP 

as positive control and a non-targeting sgRNA (CT) as negative control. The viral surnatant for each 

sgRNA was infected in A549/Cas9 clone #19 cells (fig.10A Preliminary data). The Cas9-mediated 

mutagenesis of each locus was verified through ‘ALTR genome editing detection kit’ (from IDT) on 

individual pools of transduced A549/Cas9 cells (fig.12 and table1). We also evaluated the extent of 

the genetic modification within off-target sites through next generation sequencing of the 9 off-

target sites showing the highest scores for each sgRNA. This analysis showed that in most of cases, 

off-targets sites were not modified, confirming the specificity of the following results (table2). 

 

 

 

 

 

 

 

 

 

 

 

Table 1: Table showing the sequence of each sgRNA used for generating the knockout of SPOP LATS2, TAOK1, NF2 and AMOTL2 (sgRNA 

sequence), the number of bp of the full-length product expected from PCR reaction (PCR length bp), the bp length of the fragments 

expected upon endonuclease T7 digestion (Dig. Fragm. bp) and the percentage of digestion (Dig. % Alt-R A549) considered as 

percentage of indel generation. This table is from Gobbi et al, 2019. 

Figure 12 

Figure 12: Agarose gel runs showing Alt-R mismatch analysis in A549/Cas9 cells infected with the respective sgRNAs. As control (CT), 

A549/Cas9 cells were infected with a non-targeting sgRNA. Positive control to check nuclease activity (CT+) was provided by the 

manufacturer of the kit. M is the molecular weight marker in the range between 100 bp and 1000 bp. This figure is from Gobbi et al, 

2019. 
Table 1 
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Table 2: Frequency of off-target cleavage upon specific sgRNA infection. Genomic coordinate for each off-target site is reported. For 

indel evaluation, exclusively mutations with a coverage of at least 2000X and a frequency higher than 0,5% were evaluated. See Materials 

and Methods section for further information. This table is from Gobbi et al, 2019. 
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Next, we assessed the downregulation of LATS2, TAOK1, NF2, AMOTL2 and SPOP at protein level, 

upon knockout generation, through western blot. Our results confirmed that the pools of infected 

cells contained a good proportion of knockout cells (fig.13).  

As seen in the fig.13, each sgRNA generated a significative downregulation of the respective protein, 

but with variable efficiency, probably due to different efficiencies of sgRNAs used for KO generation. 

First, we used these knockout pools to verify the proliferation rate compared to the CT. As seen in 

fig.14A, the knockout of Hippo genes induced a slightly higher proliferation rate. In contrast, SPOP 

knockout showed a proliferation rate comparable to the CT. Next, we verified if the knockout of 

Hippo genes confers resistance to JQ1. To this end, we evaluated the viability of knockout cells and 

CT cells in presence of 1M JQ1 compared to DMSO treated cells (MOCK). As seen in figure 14B, the 

KO cells for LATS2, TAOK1 and NF2, obtained with all three sgRNAs, showed a significant increment 

of cell viability in comparison to control, upon treatment with 1M JQ1. On the contrary, only the 

cells infected with one out of three sgRNAs for SPOP and AMOTL2 showed increased resistance to 

JQ1 (fig.14B).  

 

 

 

 

 

 

 

 

Figure 13: Western blot of A549 cells with specific antibodies showing the expression of SPOP, AMOTL2, LATS2, TAOK1 and NF2 

in the corresponding knockout pools, compared to cells infected with a non-targeting sgRNA (CT).  The star (*) in AMOTL2 western 

blot indicates an unspecific band. These figures are from Gobbi et al, 2019. 

 

Figure 13 

Figure 14: A) Viability assay showing cell proliferation of A549 KO for the indicated genes or infected with a non-targeting sgRNA 

(CT), measured with RealTime Glo MT assay. B) Assay showing cell viability of A549 KO cells for the indicated genes and cells 

infected with non-targeting sgRNA (CT), measured by RealTime-Glo MT Assay upon 1uM JQ1 treatment for 48 hours, compared to 

DMSO-treated samples (MOCK).  Data are expressed as mean +/- SEM. N=3 * p<0.05. These figures are from Gobbi et al, 2019. 

Figure 14 
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For this reason, we focused our subsequent analyses on LATS2, TAOK1 and NF2. For further 

experiments, we selected only one sgRNA per gene to obtain the knockout, choosing the sgRNA that 

showed the higher indel generation efficiency: sgRNA #3 for LATS2, sgRNA #1 for TAOK1 and sgRNA 

#2 for NF2 (table1). 

To strengthen our analysis, we generated the KO of the selected genes also in NCI-H23 cells, a 

second NSCLC cell line harbouring a genetic background similar to A549. First, we generated NCI-

H23 pool stably expressing the Cas9 enzyme and we confirmed Cas9 expression by western blot 

analysis. (fig.15A). Then, we infected NCI-H23/Cas9 with the selected sgRNA for each gene. After 

NCI-H23/Cas9 KO pools generation, we verified genetic alteration, protein down-regulation and the 

rate of proliferation in comparison with CT pool (fig. 15B-D). 

 

  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15: A) Western blot showing Cas9 protein expression in NCI-H23/Cas9 pool. A549/Cas9 clone #19 was used as positive 

control. B) Agarose gel showing Alt-R mismatch analysis in NCI-H23/Cas9 cells infected with the respective sgRNAs. As control 

(CT), NCI-H23/Cas9 cells were infected with a non-targeting sgRNA. Positive control to check nuclease activity (CT+) was provided 

by the manufacturer of the kit. M is the molecular weight marker in the range between 100 bp and 1000 bp. C) Western blot 

analysis of NCI-H23 knockout cells with the specific antibody showing the downregulation of the respective protein. D) Viability 

assay showing proliferation of NCI-H23 cells KO for the indicated genes and cells infected with a non-targeting sgRNA (CT), 

measured with RealTime Glo MT assay. Data are expressed as mean +/- SEM. N=3 * p<0.05. These figures are from Gobbi et al, 

2019. 
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To further validate the results obtained by cell viability assay, we performed cell growth analysis, 

through manual cell counting on both A549 and NCI-H23 KO pools treated with different 

concentrations of JQ1 (0.5-1-2 M) or with DMSO as a control (MOCK). This analysis confirmed the 

increased resistance to JQ1 in the KO cells for all three genes in A549 cells and for LATS2 and TAOK1 

in NCI-H23 cells (fig.16A-B). In addition, we evaluated the effect of JQ1 on the ability to form 

colonies. As seen in fig.17, the KO of Hippo genes conferred an increased capacity of cells to form 

colonies upon treatment with different concentrations of JQ1. 

All together, these findings demonstrate that Hippo pathway, and in particular its members LATS2, 

NF2 and TAOK1, is required for susceptibility to BETi in NSCLC.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16:  A) JQ1 sensitivity of A549 KO cells compared to CT, measured by Trypan blue count of viable cells after 72 hours of JQ1 

treatment. B) JQ1 sensitivity of NCI-H23 KO cells compared to CT, measured by Trypan blue count of viable cells after 72 hours of 

JQ1 treatment. Cells were treated with three different concentrations of JQ1. For each cell line, values were normalized to MOCK-

treated sample and statistical significance was calculated between JQ1-treated CT cells and JQ1-treated KO cells. Data are 

expressed as mean ± SEM. N = 5, *p < 0.05. These figures are from Gobbi et al, 2019. 
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Figure 17: A-B) JQ1 sensitivity of A549 and NCI-H23 KO cells compared with CT, measured by colony number formation in JQ1-

treated samples relative to MOCK. On the left are reported pictures of cell dishes showing colonies of A549 or NCI-H23 KO or 

CT cells formed upon JQ1 or MOCK treatment. On the right, graphs showing the number of colonies formed upon JQ1 treatment 

expressed as the ratio of MOCK. Statistical significance was calculated comparing Hippo KO cells with CT cells for each drug 

concentration. Data are expressed as mean ± SEM. N = 3, *p < 0.05. These figures are from Gobbi et al, 2019. 
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Knockout of LATS2, TAOK1 and NF2 increases YAP/TAZ activity enhancing TAZ nuclear 

accumulation  

Hippo pathway main biological function is to regulate the activity of transcriptional co-factors YAP 

and TAZ in response to a number of intra-cellular and extra-cellular stimuli. In particular, LATS2 is 

one of the two main kinases phosphorylating YAP and TAZ, thus enhancing interaction with 14-3-3 

proteins, cytoplasmic retention and degradation. TAOK1 is an upstream kinase that can 

phosphorylate MST1/2, which in turn phosphorylate LATS1/2. NF2 is a plasma membrane associated 

protein which interacts with LATS1/2, physically positioning LATS1/2 for being phosphorylated by 

MST1/2 (Yin, F. et al, 2013). Given the role of these proteins, we reasoned that BETi increased 

resistance in KO pools might be due to a different final balance in YAP and/or TAZ activity. To 

investigate this hypothesis, we verified the effect of each KO on YAP and/or TAZ total protein levels 

and/or localization. As seen in fig. 18A-B, neither LATS2, TAOK1 nor NF2 KO increased YAP and/or 

TAZ total protein levels in A549 cells. Conversely, immunofluorescence analysis and nuclear/cytosol 

fractionation experiments showed the nuclear relocation of TAZ in all three KO pools (fig.18C, 19A, 

19C). We also observed a statistically not significant slight re-localization of YAP (fig.18D, 19B, 19D). 

Figure 18: 
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Figure 18:  A, B) Western blot in Hippo genes KO A549 cells, with antibodies recognizing TAZ or YAP. C, D) Western blot with anti-TAZ or 

anti-YAP antibodies on separated nucleus and cytosol fractions of KO A549 cells or CT. T, C and N indicate total, cytosolic and nuclear 

extract, respectively. Anti-tubulin and anti-RNA-Pol II antibodies were used to check cross contamination between cytosolic and nuclear 

fraction. The intensity of each band in each fraction was quantified and normalized on -actin. In the graph, the ratio between nuclear 

and cytosolic proteins is represented. Data are expressed as mean +/- SEM. N=3 *P<0.05. These figures are from Gobbi et al, 2019. 
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Figure 19: A, B) Immunofluorescence showing TAZ and YAP (in red) sub-cellular localization in A549 KO or CT cells. DAPI staining (in 

blue) was used to highlight nuclei. C, D) The percentages of cells showing TAZ and YAP localization in nuclei, cytosol or both is 

reported in the graphs. At least 200 cells were counted for each sample. Data are expressed as mean +/- SEM. N=3 *P<0.05. These 

figures are from Gobbi et al, 2019. 
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These data demonstrated that in our cancer model, TAZ re-localization is the main consequence of 

LATS2, TAOK1 or NF2 KO. In accordance, TAZ co-transcriptional activity, assessed using a reporter 

plasmid containing 8X TEAD binding sites, was significantly higher in all knockout pools, compared 

to CT (fig. 20A). In addition, we also verified the expression of the main TAZ target genes (CTGF, 

ANKRD1, AXL, CYR61) in all KO pools in comparison to CT. As seen in figure, CTGF, ANKRD1, AXL and 

CYR61 mRNA levels are higher in all KO pools (fig. 20B).      

All together, these data demonstrate that the inactivation of LATS2, TAOK1 or NF2 induces the 

relocation of TAZ to the nucleus and, consequently, the enhancement of its co-transcriptional 

activity. 

 

 

 

 

 

 

 

 

YAP, TAZ and TEADs are BRD4 target genes and downregulated by JQ1 

The main anti-cancer effect of BETi is exerted through the down-regulation of oncogenes to which 

cancer cells are addicted, leading to proliferation block, apoptosis and differentiation. One of the 

best characterized effect of BETi is the downregulation of c-MYC in multiple myeloma cells, leading 

to the block of cell proliferation (Jakob Loven et al, 2013). In addition to c-MYC, many other pro-

oncogenic genes have been shown to be under the control of BRD4 and down-regulated by BETi 

treatment, including RUNX2, FOSL2, FOSL1, BCL2, WNT5A, RUNX2 and KIT. Given that YAP, TAZ and 

their transcriptional partners TEADs are known oncogenes being involved in tumor initiation, 

progression and metastasis formation in a variety of tumors, we hypothesized that YAP, TAZ and 

TEADs could be targets of BRD4 and down-regulated upon JQ1 treatment. Thus, we treated A549 

Figure 20:  A) Luciferase assay of a reporter plasmid containing 8 binding sites for TEAD factors transfected in Hippo KO or CT cells. 

Data are expressed as mean +/- SEM. N=3 *P<0.05. B) RT-qPCR showing expression levels of the indicated YAP/TAZ target genes 

in KO A549 cells or CT. Data are expressed as mean +/- SEM. N=3 *P<0.05. These figures are from Gobbi et al, 2019. 

 

A

C 
B 

Figure 20: 



38 
 

and NCI-H23 cells with JQ1 or MOCK and we collected RNA and protein extracts at different time 

points after treatment. As seen in the fig.21A-B, treatment with JQ1 caused an early and strong 

downregulation of YAP and TAZ at RNA and protein level in both cell lines, suggesting that these 

genes may be under the direct transcriptional control of BET proteins. Similarly, TEAD2 expression 

is strongly downregulated in both cell lines, while the other TEAD family members are consistently 

downregulated only in NCI-H23 cells.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21: 
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Figure 21:  A) On the left, RT-qPCR showing mRNA level of YAP, TAZ and TEADs in A549 cells after 6 or 24 hours of JQ1 treatment. 

Data are expressed as mean +/- SEM. N=3 *P<0.05. On the right, western blot analysis showing YAP, TAZ and TEAD2 protein levels 

in A549 cells after 6,24,48 or 72 hours of JQ1 treatment. B) On the left, RT-qPCR showing mRNA level of YAP, TAZ and TEAD in NCI-

H23 cells after 6 or 24 hours of JQ1 treatment. Data are expressed as mean +/- SEM. N=3 *P<0.05. On the right, western blot 

analysis showing YAP, TAZ and TEAD2 levels in NCI-H23 cells upon 6,24,48 or 72 hours of JQ1 treatment. These figures are from 

Gobbi et al, 2019. 
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Moreover, since YAP/TAZ/TEADs transcriptional complex is implicated in different tumors 

development and progression, we reasoned that the downregulation of the components of this 

complex could be a new and still not elucidated mechanism of anti-cancer activity of BETi. To explore 

this hypothesis, we measured the expression of TAZ, YAP and TEAD2 upon JQ1 treatment in a panel 

of cell lines deriving from different tumors: breast carcinoma (MDA-MB231 and MCF7), thyroid 

papillary carcinoma (TPC1 and BCPAP), prostate carcinoma (DU-145 and LNCAP) and melanoma 

(A375 and SK-MEL28). As shown in fig.22A-B, treatment with JQ1 caused a reduction in mRNA and 

protein levels of YAP, TAZ and TEAD2 in most cell lines, confirming our hypothesis. 

 

      

 

 

 

 

 

 

 

Next, to assess whether BRD4 is directly involved in TAZ, YAP and TEAD2 transcription regulation, 

we verified the binding of BRD4 on YAP, TAZ and TEAD2 promoters through Chromatin 

Immunoprecipitation (ChIP) experiments. As seen in fig.23A, we observed a significative binding of 

BRD4 in the promoter regions of these genes. Moreover, we observed a decrease in BRD4 binding 

upon JQ1 treatment, whereas acetylated histone marks in the same regions do not decrease 

(fig.23B). These findings suggest that the main mechanism leading to TAZ, YAP and TEAD2 

downregulation upon JQ1 treatment is the detachment of BRD4 from their regulatory regions. To 

confirm the direct role of BRD4 in YAP, TAZ and TEAD2 regulation, we knocked-down BRD4 through 

siRNA transfection. As expected, BRD4 down-regulation caused a marked decrease of YAP, TAZ and 

TEAD2 mRNA levels (fig.23C). 

Figure 22 

Figure 22: A) On the left, RT-qPCR showing YAP, TAZ and TEAD2 mRNA levels in a panel of cancer cell lines upon 1M JQ1 

treatment. For each cell line, expression level was relative to MOCK-treated cells. Data are expressed as mean +/- SEM. N=3 

*P<0.05. B) On the right, western blot showing YAP, TAZ and TEAD2 protein levels in a panel of cancer cell lines upon 1M JQ1 

treatment. These figures are from Gobbi et al, 2019. 
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Moreover, we observed a significant downregulation of CTGF, CYR61, AXL and ANKDR1, the main 

YAP/TAZ target genes, upon JQ1 treatment in both A549 and NCI-H23 cell lines (fig.24A-B). 

 

 

 

 

 

 

 

Taken together, these data demonstrate that BRD4 directly regulates YAP, TAZ and TEAD2 through 

its binding on their promoter regions and suggest that the down-regulation of these genes upon JQ1 

treatment is part of anti-cancer effect of BETi in several cancer models. 

Figure 23:  ChIP showing BRD4 A) or H3K27Ac B) binding on YAP, TAZ and TEAD2 promoters (pYAP, pTAZ and pTEAD2) on A549 

cells treated with 1M JQ1 or DMSO (MOCK) for 24 hours. An unrelated intergenic region was used as negative control (NEG CT). 

Values are represented as percentage of input. Data are expressed as mean +/- SEM. N=3 *P<0.05. C) RT-qPCR showing BRD4, 

YAP, TAZ and TEAD2 mRNA levels upon siRNA against BRD4 treatment. Western blot with anti-BRD4 antibodies is shown in the 

inset to confirm BRD4 downregulation at protein level upon siRNA transfection. These figures are from Gobbi et al, 2019. 
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Figure 23 

Figure 24:  RT-qPCR showing mRNA expression of YAP/TAZ/TEAD main target genes (CTGF, CYR61, AXL, ANKDR1) upon 1M JQ1 

treatment for 48 hours compared to MOCK treated samples in A) A549 and B) NCI-H23 cells. These figures are from Gobbi et al, 

2019. 
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Hippo genes knockout confers BETi resistance by promoting TAZ nuclear localization and activity 

Until now, we demonstrated that there are two different mechanisms that regulate YAP/TAZ activity 

in our cell models of NSCLC (fig.25). In the first (fig.25A), BRD4 directly binds to YAP and TAZ 

promoters, enhancing YAP and TAZ at transcriptional levels. BETi prevents BRD4 binding on their 

DNA promoter regions, thus resulting in YAP and TAZ transcriptional downregulation. In the second 

(fig.25B), TAZ is post-translationally regulated by Hippo proteins LATS2, NF2 and TAOK1, which 

restrict its nuclear accumulation. The KO of LATS2, TAOK1 or NF2 induces TAZ nuclear re-localization 

and enhances its transcriptional activity and pro-oncogenic function. 

 

 

 

 

 

 

 

 

 

 

 

 

 

To further explore the interplay between these two mechanisms, we treated KO pools for LATS2, 

NF2 or TAOK1 with JQ1 or MOCK and we evaluated the effect on YAP and TAZ expression and 

activity. As expected, treatment with JQ1 determined a down-regulation of YAP, TAZ and TEAD2 

both in KO and in CT cells at the same level, demonstrating that the KO of LATS2, TAOK1 and NF2 

Figure 25:  In the scheme are reported the two mechanisms regulating TAZ activity in our NSCLC models. In the first A), TAZ is 

activated at transcriptional level, through BRD4 binding on its promoter region. In the second mechanism B), Hippo pathway genes 

TAOK1, LATS2 and NF2 restrict TAZ nuclear localization. When these genes are inactive, TAZ is more nuclear and its activity is 

enhanced. 

Figure 25 
A 

B 



42 
 

do not interfere with BETi mediated down-regulation of these genes (fig.26A). The same results 

were obtained through Western blot analysis for YAP, TAZ and TEAD2 proteins (fig.26B). On the 

contrary, the expression levels of YAP/TAZ main target genes remained higher in KO pools compared 

to CT upon JQ1 treatment (fig.26C-F). These results can be explained by the fact that in KO pools, 

TAZ is mainly located in the nucleus and, consequently, more active, even if its total amount is 

downregulated by JQ1 treatment. Overall, these results demonstrate that BRD4 transcriptionally 

regulates YAP and TAZ levels independently from Hippo pathway and that KO of Hippo pathway 

genes LATS2, TAOK1 and NF2 promote resistance to JQ1 by enhancing TAZ nuclear localization and 

activity.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 26: A) RT-qPCR showing mRNA expression of YAP, TAZ and TEAD2 in A549 cells upon 1M JQ1 treatment for 48 hours in the 

indicated KO pools compared to MOCK-treated cells. B) Western blot analysis showing YAP and TAZ protein levels in A549 cells upon 

1M JQ1 treatment for 48 hours compared to MOCK-treated cells. C, D, E, F) RT-qPCR showing mRNA levels of TAZ/YAP target genes 

(ANKDR1, CTGF, AXL and CYR61) upon 1M JQ1 treatment for 48 hours compared to MOCK-treated cells. Expression values were 

normalized to MOCK-treated CT cells. Statistical significance was calculated between JQ1-treated CT cells and JQ1-treated KO cells. 

Data are expressed as mean +/- SEM. N=3 *P<0.05. These figures are from Gobbi et al, 2019. 
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TAZ knockout increases JQ1 sensitivity 

Based on previously reported data, we hypothesized that TAZ and/or YAP activity could be involved 

in the mechanism modulating BETi response in lung cancer. To confirm this hypothesis, we knocked 

out either YAP or TAZ in A549 cells to evaluate the effect on JQ1 response. We used CRISPR/Cas9 

technology to obtain TAZ and YAP knockout, choosing three sgRNAs for TAZ and three sgRNAs for 

YAP (table3). The Cas9-mediated editing in the specific locus was assessed with ALTR genome 

editing detection kit (fig.27A-B and table3). The downregulation of the proteins was assessed 

through Western blot analysis (fig.27C-D). First, we evaluated proliferation rate and JQ1 response 

in knockout pools compared to CT through viability assay. TAZ knockout generates a decrease in cell 

proliferation rate, while the YAP KO pools show a proliferation rate comparable to CT (fig.27E and 

27H). First, we measured JQ1 sensitivity in KO pools through cell viability assay. As expected, TAZ 

KO significantly increases JQ1 sensitivity, while YAP KO shows a JQ1 sensitivity comparable to CT 

(fig.27F-G,27I-J). This suggests that, in our cancer model, TAZ, but not YAP, is an important regulator 

of both cell proliferation and JQ1 response. For the following experiments, we choose the best 

targeting sgRNA: sgRNA #3 for TAZ KO and sgRNA #1 for YAP KO. Growth curves by manual cell 

counting confirmed that TAZ KO increases JQ1 sensitivity while YAP KO shows result comparable to 

CT (fig.27G, 27J).  

 

 

 

 

 

 

 

 

 

 

Table3: 

Table 3:  Table showing the sequence of each sgRNA used for generating the KO of TAZ and YAP (sgRNA sequence), the number of 

bp of the full-length product expected from PCR reaction (PCR length bp), the bp length of the fragments expected upon 

endonuclease T7 digestion (Dig. Fragm. bp) and the percentage of digestion (Dig. % Alt-R A549) considered as percentage of indel 

generation. This table is from Gobbi et al, 2019. 
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All these experiments were repeated also in NCI-H23 and NCI-H1975 cell lines choosing sgRNA #3 for TAZ KO 

and sgRNA #1 for YAP KO, confirming that TAZ knockout increases JQ1 sensitivity (fig.28). 

Figure 27: A, B) Agarose gel runs showing Alt-R mismatch analysis in A549/Cas9 cells infected with the sgRNA against TAZ A) or YAP 

B). As control (CT), A549/Cas9 cells were infected with a non-targeting sgRNA. Positive control to check nuclease activity (CT+) was 

provided by the manufacturer of the kit. M is the molecular weight marker in the range between 100 bp and 1000 bp. C, D) Western 

blot with anti TAZ C) or anti-YAP D) antibody showing TAZ and YAP downregulation upon infection with specific sgRNAs. E, H) Cell 

viability assay measuring the rate of proliferation of TAZ E) and YAP H) A549 KO cells compared to cells infected with a non-targeting 

sgRNA, measured by RealTime Glo MT assay. F, I) JQ1 sensitivity of TAZ F) and YAP I) A549 KO cells measured by RealTime Glo MT 

assay after 72 hours of treatment with 1 M JQ1. For each cell line, values were normalized to MOCK-treated sample and statistical 

significance was calculated between JQ1-treated CT cells and JQ1-treated KO cells. Data are expressed as mean +/- SEM. N=3 *P<0.05. 

G, J) JQ1 sensitivity of TAZ G) and YAP J) A549 KO cells measured by Trypan blue count of viable cells, choosing the sgRNA #3 for TAZ 

and sgRNA #1 for YAP. Cells were treated with three different concentration of JQ1 (0.5-1 and 2 M) and were counted 72 hours after 

JQ1 treatment. For each cell line, values were normalized to MOCK-treated sample and statistical significance was calculated between 

JQ1-treated CT cells and JQ1-treated KO cells. Data are expressed as mean +/- SEM. N=5 * p<0.05. These figures are from Gobbi et al, 

2019. 
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All these experiments were repeated also in NCI-H23 and NCI-H1975 cell lines choosing sgRNA #3 

for TAZ KO and sgRNA #1 for YAP KO, confirming that TAZ knockout increases JQ1 sensitivity 

(fig.28A-G). 
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Figure 28: A) Western blot with anti-TAZ and anti-YAP antibodies showing YAP and TAZ downregulation in NCI-H23 KO cells. B) Cell 

viability assay measuring the rate of proliferation of YAP and TAZ KO NCI-H23 cells compared to control measured by RealTime Glo 

MT assay. C, D) JQ1 sensitivity in C) TAZ and D) YAP KO NCI-H23 cells measured by Trypan blue count of viable cells. Cells were 

treated with three different concentration of JQ1 (0.5-1 and 2 µM) and were counted 72 hours after JQ1 treatment. For each cell 

line, values were normalized to MOCK-treated sample and statistical significance was calculated between JQ1-treated CT cells and 

JQ1-treated KO cells. Data are expressed as mean +/- SEM. N=5 * p<0.05. E) Western blot with anti-TAZ and anti-YAP antibodies 

showing YAP and TAZ downregulation in NCI-H1975 KO cells. F, G) JQ1 sensitivity in F) YAP and G) TAZ KO NCI-H1975 cells measured 

with Trypan blue count of viable cells. Cells were treated with three different concentrations of JQ1 (0.5-1 and 2 µM) and were 

counted 72 hours after JQ1 treatment. For each cell line, values were normalized to MOCK-treated sample and statistical significance 

was calculated between JQ1-treated CT cells and JQ1-treated KO cells. Data are expressed as mean +/- SEM. N=5 mean +/- SEM.  

These figures are from Gobbi et al, 2019. 
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Together, these data demonstrate that, in NSCLC models, TAZ, but not YAP, is responsible for JQ1 

resistance. TAZ down-regulation or increased TAZ cytosolic localization makes cells more sensible 

to BETi anti-cancer treatment. 

In support of the evidence of a non-overlapping function for TAZ and YAP, we observed a differential 

effect of the two paralogues on target genes expression, as CTGF is downregulated only upon YAP 

KO, whereas AXL is downregulated only upon TAZ KO (fig.29). This means that in our cancer model, 

YAP and TAZ have non-overlapping functions and, being only TAZ expression and activity important 

for modulation of JQ1 response. 

 

 

 

 

 

 

 

 

TAZ over-expression promotes BETi resistance 

We observed that TAZ knockout sensitized cells to BETi treatment. To confirm that TAZ activity 

increases BETi resistance, we over-expressed TAZ in A549, NCI-H23 and NCI-H1975 cell lines. To this 

end, we generated stable cells expressing TAZ under the control of a constitutive promoter (fig.30A, 

30I, 30K). As expected, the over-expression of TAZ generated an increase in the rate of proliferation 

of A549 cells compared to empty-vector containing cells (fig.30B). Moreover, TAZ overexpression 

increased the activity of TEAD reporter plasmid and increased expression of TAZ target genes in 

A549 cell line (fig.30C-D). Importantly, TAZ over-expression determined JQ1 increased resistance, 

measured by cell counting, cell viability assay and colony forming assay in A549 and by cell counting 

in NCI-H23 and H1975 cell lines (fig.30E-L). 

  

Figure 29: RT-qPCR showing mRNA levels of 

CTGF, CYR61, ANKRD1 and AXL in TAZ or YAP KO 

pools compared to CT in A549 cells. Data are 

expressed as mean +/- SEM. N=3 *P<0.05. YAP 

and TAZ have both overlapping and non-

overlapping function. These figures are from 

Gobbi et al, 2019. 

Figure 29:  



47 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 30: A) Western blot with anti-TAZ antibodies showing TAZ protein level in A549 cells infected with an expression vector for TAZ 

compared to cells infected with an empty vector. B) Viability assay measuring proliferation of A549 cells overexpressing TAZ compared 

to control, measured with RealTime Glo MT assay C) Luciferase assay of a reporter construct containing 8 binding sites for TEAD factors 

transfected in TAZ overexpressing or empty vector-containing cells. Data are expressed as mean +/- SEM. N=3 *P<0.05. D) RT-qPCR 

showing mRNA levels of YAP/TAZ target genes in TAZ overexpressing or empty vector-containing cells. Data are expressed as mean +/- 

SEM. N=3 *P<0.05. E, F) JQ1 sensitivity in A549 TAZ-overexpressing or empty vector-containing cells measured with E) RealTime Glo 

MT Assay and F) Trypan blue count of viable cells 72 hours after treatment with 1M JQ1 in A549 cells. For each cell line, values were 

normalized to MOCK-treated sample and statistical significance was calculated between JQ1-treated CT cells and JQ1-treated KO cells. 

Data are expressed as mean +/- SEM. N=3 *P<0.05 G) Pictures of cell dishes showing colonies of TAZ-overexpressing A549 compared 

to empty vector containing cells upon JQ1 or MOCK treatment. H) JQ1 sensitivity of TAZ-overexpressing A549 compared to empty-

vector containing cells measured by colony forming potential in JQ1 treated samples compared to MOCK treated samples. Data are 

expressed as mean +/- SEM. N=3 * p<0.05. I, K) Western blot with anti-TAZ antibodies showing TAZ protein level in NCI-H23 and NCI-

H1975 cells infected with an expression vector for TAZ compared to cells infected with an empty vector. J, L) JQ1 sensitivity in NCI-H23 

and NCI-H1975 TAZ-overexpressing or empty vector-containing cells measured with Trypan blue count of viable cells 72 hours after 

treatment with different concentration of JQ1 (0.25-0.5-1 and 2 M). For each cell line, values were normalized to MOCK-treated 

sample and statistical significance was calculated between JQ1-treated empty vector cells and JQ1-treated TAZ overexpressing cells. 

Data are expressed as mean +/- SEM. N=3 * p<0.05. These figures are from Gobbi et al, 2019. 
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Finally, to further confirm TAZ involvement in JQ1 resistance, we generated A549 and NCI-H23 JQ1-

resistant cell lines by treating them with progressively increased doses of JQ1. We performed 

growth curves by cell counting to confirm the increased JQ1-resistance (fig.31A-D). In accordance 

with our data, A549 and NCI-H23 resistant cells show higher TAZ protein levels compared to parental 

cell lines.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 31 

Figure 31: A, B) Western blot with anti-TAZ and anti-YAP antibody showing TAZ and YAP protein levels in A549 and NCI-23 resistant 

cells compared to non-resistant cell lines. C, D) JQ1 sensitivity of A549 and NCI-H23 resistant cells compared to non-resistant cells, 

measured with Trypan Blue count of viable cells after 72 hours of JQ1 treatment with different drug concentrations. For each cell 

line, values were normalized to MOCK-treated sample and statistical significance was calculated between JQ1-treated RES and 

normal cells. Data are expressed as mean +/- SEM. N=3 * p<0.05. These figures are from Gobbi et al, 2019. 
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NSCLC patients carry alterations in Hippo Pathway genes 

Our data demonstrated that in NSCLC cell models, inactivating alterations in LATS2, TAOK1 and NF2 

or aberrant TAZ expression confer resistance to BETi treatment. Our findings suggest that lung 

cancer patients carrying alterations in Hippo pathway genes, might respond less to BETi treatment. 

These genes could be considered as novel molecular biomarkers used to predict BETi response and 

to select patient with the best chance to positively respond to these drugs. Unfortunately, we did 

not have access to patients treated with BETi to verify this concept. However, we verified the 

presence and frequency of molecular alterations in Hippo pathway genes in the TCGA (The Cancer 

Genome Atlas) cohort of NSCLC patients. We reported in fig.32A-B the frequency of point 

mutations, copy number variations and gene expression alterations for LATS2, TAOK1, NF2, TEADs, 

YAP and TAZ in a cohort of 408 NSCLC patients, comprising 178 lung squamous cell carcinoma and 

230 lung adenocarcinoma cases. Strikingly, we found that at least one molecular alteration in the 

selected genes is present in 50% of adenocarcinoma patients and 71% of squamous cell carcinoma 

patients. We found that TAZ alterations, mainly amplification and mRNA up-regulation, are very 

frequent in squamous cell carcinoma patients, being present in 44% of patients. These data are in 

line with other studies which report that upregulation of YAP and TAZ are frequent events in lung 

cancer development (Wang, Y., 2010; Xie, M., 2010). Moreover, alterations in LATS2 and NF2 have 

already been described to be oncogenic in various cancer settings. Next, we verified if alterations in 

YAP and/or TAZ could impact patient’s prognosis. As seen in the fig.32C-D, high TAZ expression or 

amplification correlates with a significant worse prognosis in lung adenocarcinoma patients. On the 

contrary, YAP high expression or amplification does not impact patient’s survival. These data 

confirm that YAP and TAZ play non-overlapping roles in lung tumorigenesis and support our in vitro 

results, indicating that TAZ plays a pivotal role in lung cancer progression and drug resistance. 

 

 

 

 

 

 

 

 

 



50 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 32: A, B) Oncoprint scheme from TCGA analysis showing the type and the frequency of Hippo pathway genes alterations in 

NSCLC patients. Oncoprint shown in panel A was obtained from Adenocarcinoma patient’s cohort while Oncoprint shown in panel 

B from Squamous Cell Carcinoma patient’s cohort. Graphs are modified from cBioportal (www.cBioportal.org). C, D) Kaplan-Meier 

overall survival curves comparing lung Adenocarcinoma or lung Squamous Cell Carcinoma patient’s carrying amplification or 

upregulation of TAZ (High TAZ) or YAP (High YAP) with all other patients with the same disease (Normal TAZ and Normal YAP). 

These figures are from Gobbi et al, 2019. 
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Silencing TAZ-AS202, but not TAZ-AS203, inhibits NSCLC cells proliferation, migration and invasion 

NATs are antisense lncRNAs with established molecular functions in various patho-physiological 

processes, including tumor development. The main mechanism behind their participation in cancer 

progression and/or suppression is the regulation of in cis neighboring genes through various 

mechanisms. TAZ-AS202 and TAZ-AS203 are two NATs that share with the TAZ gene the same 

promoter region. TAZ-AS203 initiates in the region of TAZ reference transcript exon two, while TAZ-

AS202 initiates upstream TAZ promoter, producing an RNA that does not overlap with the TAZ 

transcript (fig.10, Preliminary Data). Their possible interplay with TAZ and their role in lung cancer 

have never been characterized. First, we explored the role of TAZ-AS202 and TAZ-AS203 in lung 

cancer, investigating their biological function in NSCLC cell lines. To this end, we transfected A549, 

NCI-H23 and H1299 cells with siRNAs against TAZ-AS202 and TAZ-AS203, using siRNA against TAZ as 

positive control and a control non-targeting siRNA as negative control. As seen in figure 33A- C, we 

obtained a significative downregulation of the specific targets.  Strikingly, as for TAZ silencing, TAZ-

AS202 downregulation causes a significative inhibition of cell proliferation, measured by cell 

counting, in both A549 and H1299 cells (fig.33D,33F). NCI-H23 cells show a decreased proliferation 

only in TAZ downregulated condition (fig.33E). Moreover, wound-healing assay was used to 

evaluate cell migration. TAZ-AS202 silencing significantly restrained the capacity of A549 and NCI-

H23 to migrate (fig.34A-B). A minor effect was seen in H1299 cells (fig.34C). Strikingly, in A549 cells, 

the effect of TAZ-AS202 silencing on cell migration is greater than the effect of TAZ, suggesting a 

more essential role for this lncRNA in regulating the ability of cells to migrate. On the contrary, upon 

TAZ-AS203 silencing, we observed an increment in cell proliferation and a slight increase in motility 

only in NCI-H1299 cells. These observations indicate that TAZ-AS202 and TAZ-AS203 have different 

roles in regulating cell features and suggest that TAZ-AS202 has a prominent pro-oncogenic role in 

our cell models of NSCLC. For these reasons, we decided to continue our analysis focusing on TAZ-

AS202. Invasion assay was conducted to evaluate the effect of TAZ-AS202 silencing on the invasive 

ability of A549 cells, using TAZ silencing as positive control. The results demonstrate that the ability 

of A549 cells to invade through Matrigel matrix was significantly decreased upon both TAZ and TAZ-

AS202 silencing (fig.35A-C). 
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Figure 33: A, B, C) RT-qPCR showing expression levels of TAZ, TAZ-AS202 and TAZ-AS203 RNA in A) A549, B) NCI-H23 and C) NCI-

H1299 control cells and cells treated with siRNA against TAZ, TAZ-AS202 and TAZ-AS203 for 48 hours. Data are expressed as mean 

+/- SEM. D, E, F) Growth curves in D) A549, E) NCI-H23 and F) NCI-H1299 cells measured by Trypan blue count of viable cells after 

48 hours, 72 hours and 96 hours of siRNA transfection against TAZ, TAZ-AS202 and TAZ-AS203 compared to control cells. Statistical 

significance was calculated between siRNA treated cells and CT cells. Data are expressed as mean ± SEM. N = 6, *p < 0.05, **p< 

0.01, ***p<0.001. 
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Figure 34: A, B, C) Migration assay. Migration ability in A) A549, B) NCI-H23 and C) NCI-H1299 cells transfected with siRNA against 

TAZ, TAZ-AS202 and TAZ-AS203 compared to control cells measured by scratch wound healing assay. The photos represent the 

wound closure 48 hours from the scratch, comparing CT treated cells with siRNA treated cells. In the graphs: wound closure ratio. 

The area of the scratch was measured at different time point from the scratch (T0) using ImageJ software. The area of each time 

point was normalized to the area of T0 and statistical significance was calculated between CT treated cells and siRNA treated cells. 

Data are expressed as mean ± SEM. N = 6, *p < 0.05, **p< 0.01, ***p<0.001. 
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Figure 35: Invasion ability of A549 cells. A) Cells were transfected with siRNA against TAZ, TAZ-AS202 or control. Images of invading 

cells were taken 72h from transfection. B, C) Graph showing the rate of invasion. Cells were counted using ImageJ software and 

the number of cells for each condition was normalized on the number of cells in the control insert conditions. Data are expressed 

as mean ± SEM. N = 6, *p < 0.05, **p< 0.01, ***p<0.001. 

 

  

Figure 35 

B C 



55 
 

TAZ-AS202 is both nuclear and cytosolic in NSCLC cells 

The molecular mechanism behind lncRNAs function is tightly linked to their sub-cellular localization. 

To gain some insights into TAZ-AS202 mechanism of action, we examined the localization of this 

lncRNA in sub-cellular compartments (fig.36). We used anti-PolII and anti-tubulin antibodies to 

check cross-contamination of proteins between nucleus and cytosol, respectively (fig.36B,36E). 

Next, we performed RT-qPCR to verify the localization of U1 and KCNQ1OT1 as controls for RNAs 

localized mainly in nucleus or chromatin-associated, respectively (fig.36C,36F). We also verified the 

subcellular localization of OIP5-AS1. OIP5-AS1 is a lncRNA localized both in cytosol, acting as a 

miRNAs sponge, and in nucleus, interacting with EZH2 to repress the expression of genes (Soudeh 

Ghafouri-Fard et al, 2021; Yunlei Bai et al, 2019). RT-qPCR shows that TAZ-AS202 localization is 

similar to OIP5-AS1 in both A549 and NCI-H23, suggesting a possible double role for this lncRNA, or, 

alternatively, its possible ability to shuttle between the two subcellular compartments 

(fig.36A,36D).  
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Figure 36: A) RT-qPCR showing TAZ-AS202 subcellular localization in A549 cells upon nucleus/cytosolic fractioning experiments. Data 

are expressed as mean +/- SEM B) Western blot with anti-Pol II or anti-tubulin antibodies on separated nucleus and cytosol fractions 

of A549 cells, used to check cross contamination between cytosolic and nuclear fractions. C) RT-qPCR on A549 cells showing 

subcellular localization of OIP5-AS1, U1 and KCNQ1OT1, used to check RNA cross-contamination between cytosol, nucleus and 

chromatin fractions, respectively. Data are expressed as mean +/- SEM D) RT-qPCR showing TAZ-AS202 subcellular localization in 

NCI-H23 cells upon nucleus/cytosolic fractioning experiments. Data are expressed as mean +/- SEM. E) Western blot with anti-Pol II 

or anti-tubulin antibodies on separated nucleus and cytosol fractions of NCI-H23 cells, used to check cross contamination between 

cytosolic and nuclear fraction. F) RT-qPCR on NCI-H23 cells showing subcellular localization of OIP5-AS1, U1 and KCNQ1OT1, used to 

check RNA cross-contamination between cytosol, nucleus and chromatin fractions, respectively. Data are expressed as mean +/- 

SEM. 
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A functional interplay between TAZ and TAZ-AS202 controls TAZ-AS202 expression and TAZ 

activity in NSCLC cells 

We observed that TAZ-AS202 silencing is associated with decreased proliferation, motility and 

invasion capacity in NSCLC cells, similarly to TAZ downregulation. A growing amount of evidence on 

the biology of NATs supports their role in regulating the expression and/or the activity of 

neighbouring genes in cis through various mechanisms (Faghihi, M.A. et al, 2009). Furthermore, we 

observed that TAZ-AS202 expression correlates with TAZ expression in a panel of cancer cells lines 

(fig.37A). Thus, our first hypothesis was that TAZ-AS202 may regulate TAZ expression or activity and 

be part of TAZ pro-oncogenic program. To verify this hypothesis, we downregulated TAZ-AS202 

expression through siRNA transfection and we measured TAZ mRNA and protein levels, 

phosphorylation and nucleus/cytoplasmic localization in comparison to control cells (fig.37B-C,37F). 

Strikingly, no differences were observed in TAZ, implying a different mechanism behind lncRNA 

function. Moreover, TAZ-AS202 silencing does not change either YAP mRNA, protein level, 

phosphorylation or nucleus/cytoplasmic localization (fig.37D-F). Intriguingly, the expression of 

YAP/TAZ/TEAD main target genes was significantly downregulated upon TAZ-AS202 silencing 

(fig.37G), suggesting a cooperation between YAP/TAZ and TAZ-AS202 in the regulation of common 

target genes through a still unknown mechanism. Supporting the interplay between TAZ and its 

cognate lncRNA, we also observed that TAZ silencing significantly downregulates the expression of 

TAZ-AS202 (fig.37H). This result suggests that TAZ may direct the expression of TAZ-AS202 transcript 

by binding on its own promoter. This hypothesis is supported by the presence of 5 binding sites for 

TEAD and one for SMAD3 on the promoter region shared between TAZ and TAZ-AS202 (fig.11, 

Preliminary Data) 
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Figure 37: A) Graph showing positive correlation between TAZ-AS202 and TAZ expression in cancer cell lines. B, D) RT-qPCR showing 

TAZ and YAP mRNA levels upon transfection with siRNA against TAZ-AS202 for 48 hours compared to control cells. Data are expressed 

as mean +/- SEM. C, E) Western blot showing TAZ, phosphorylated-TAZ (P-TAZ), YAP and phosphorylated-YAP (P-YAP) protein levels 

after 48 hours transfection of siRNA against TAZ-AS202 compared to control cells. F) Western blot with anti-TAZ or anti-YAP antibodies 

on separated nucleus and cytosol fractions of A549 cells upon transfection with siRNA against TAZ-AS202 for 48 hours compared to 

control cells. Anti-tubulin and anti-RNA-Pol II antibodies were used to check cross contamination between cytosolic and nuclear 

fraction. T, C and N are total fraction, cytosolic fraction and nuclear fraction, respectively. G) RT-qPCR showing the expression level 

of YAP/TAZ main target genes (CTGF, CYR61 and AXL) on A549 cells upon transfection with siRNA against TAZ-AS202 for 48 hours 

compared to control cells. Statistical significance was calculated between SiRNA-treated cells compared to control cells. Data are 

expressed as mean +/- SEM. N=3*p < 0.05, **p< 0.01, ***p<0.001. H) RT-qPCR showing TAZ-AS202 RNA expression upon transfection 

with siRNA against TAZ for 48 hours. Statistical significance was calculated between SiRNA treated cells compared to control cells. 

Data are expressed as mean +/- SEM. N=3 *p < 0.05, **p< 0.01, ***p<0.001.  
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RNA-sequencing identifies TAZ-AS202-dependent transcriptional program 

In the attempt to define TAZ and TAZ-AS202-dependent programs in NSCLC and to characterize 

which genes and pathways may explain the pro-oncogenic function of TAZ-AS202, transcriptome 

analysis was performed by RNA-sequencing (RNA-seq) on two independent biological replicates, 

upon transfection with siRNA against TAZ, TAZ-AS202 or a CT siRNA for 48 hours in A549 cells. The 

scheme of RNA-seq analysis pipeline is reported in the Materials and Methods section. Principal 

Component Analysis (PCA) plot revealed a clear separation between the three siRNA-treated 

conditions, displaying a good distribution of variance (fig.38A). Once completed the quality checks, 

we proceeded with the analysis of differentially expressed genes (DEGs). We identified 1673 genes 

upregulated and 1662 genes downregulated upon TAZ silencing compared to control cells, resulting 

in a total of 3335 deregulated genes. We identified 487 genes upregulated and 695 genes 

downregulated upon TAZ-AS202 silencing compared to control cells, resulting in a total of 1182 

deregulated genes (fig.38B). Strikingly, we identified 533 genes that result commonly deregulated 

by TAZ and TAZ-AS202 silencing, corroborating the hypothesis of a functional interplay between TAZ 

and its cognate lncRNA (fig.38C). Then, we performed Reactome pathways enrichment analysis, to 

identify biological processes affected by downregulation of the two genes (fig.38D-E). As expected, 

genes deregulated by TAZ silencing belong to pathways involved in cell proliferation, apoptosis, 

migration, EMT and metastasis (fig.38D). Genes deregulated by TAZ-AS202 silencing belong to EPH-

ephrin pathway, membrane trafficking and to tRNA aminoacylation (fig.38E). To further characterize 

the interplay between TAZ and TAZ-AS202, we performed Reactome pathway enrichment analysis 

on the 533 genes commonly regulated by TAZ and TAZ-AS202. Strikingly, this analysis underlines the 

potential overlapping function of TAZ and TAZ-AS202 in the regulation of signal transduction 

pathways related to cancer progression, including WNT-signalling and EPH-Ephrin pathway (fig.38F).  
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Figure 38: Evaluation of RNA-seq data. A) Graph showing 

PCA plot of RNA-seq data showing the characteristics of 

samples according to gene expression. Each dot indicates 

a sample. B) Table representing differential analysis of 

deregulated genes among the siRNA conditions compared 

to control cells. The number of total deregulated, 

upregulated or downregulated genes between siRNA 

treated cells compared to control cells is reported. 

0<log2(FC)<1 represent total deregulated genes among 

siRNA condition compared to control cells considering a 

log2(fold change) with absolute number between 0 and 1. 

The same for 1<log2(FC)<2 and log2(FC)>2. C) Venn 

diagram showing the number of common deregulated 

genes between siRNA against TAZ and siRNA against TAZ-

AS202. D, E) Pathway enrichment analysis performed using 

Reactome database and considering siRNA treated cells 

compared to control cells. F) Pathways enrichment 

analysis performed using Reactome database on the 533 

genes commonly deregulated between the two siRNA 

condition compared to control cells. 
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TAZ and TAZ-AS202 promote migration and proliferation by controlling the expression of EPHB2 

(B-type EPH receptor 2) 

By RNA-seq analysis, we found a significant enrichment of EPH-ephrin signalling and WNT signalling 

between genes commonly regulated by TAZ and TAZ-AS202 (fig.38F): both these pathways are 

related to cancer cells proliferation, migration and Epithelial to Mesenchymal Transition (EMT). 

Intriguingly, while TAZ interplay with WNT signalling is well characterized, TAZ role in regulating 

EPH-ephrin pathway has never been reported. EPH-ephrin pathway has been a matter of intensive 

investigation because of its role in physiology and cancer. Interaction between ephrin ligands and 

EPH receptors generally regulates cell-cell interactions, promoting or inhibiting cell proliferation 

and/or migration, depending on the context. Members of this pathway have been described either 

as pro-oncogenic or tumor suppressive factors. 

In lung cancer cells, we observed that TAZ or TAZ-AS202 silencing results in deregulation of several 

members of EPH-ephrin pathway, possibly explaining proliferation and migration deficiency 

observed in these conditions. First, we validated RNA-seq results, by measuring the expression of a 

list of genes belonging to EPH-ephrin signalling, including EPHB2, MYH10, DNM1, AP2M1, CLTCL1, 

ROCK2, SRC and VAV2 in NSCLC cells transfected with siRNA against TAZ or TAZ-AS202, compared 

to control (fig.39A-C). As expected, the majority of these genes are downregulated upon TAZ or TAZ-

AS202 silencing in A549, NCI-H23 and NCI-H1299 cells. Among these, EPHB2 is one of the most 

deregulated in all cell lines. EPHB2 is a central node in EPH-ephrin pathway, encoding one of the 

three B-type EPH receptors, which initiates EPH forward signalling upon binding to ephrins ligands 

(fig.39A-D). Furthermore, its expression is upregulated in many cancer tissues and correlates with 

bad prognosis in lung cancer, even if few in vitro data are available in the lung cancer context (Zhao, 

C., 2017). For these reasons, we selected EPHB2 for further experiments. To determine if TAZ and 

TAZ-AS202 pro-oncogenic activity may be due to EPHB2 regulation, we silenced EPHB2 through 

siRNA transfection in A549, NCI-H23 and H1299 NSCLC cells, obtaining a significative 

downregulation of specific mRNA and protein (fig.39E). Growth curves demonstrated that, as for 

TAZ and TAZ-AS202 downregulation, EPHB2 silencing impairs A549 and H1299 cells proliferation 

(fig.39F). Next, wound-healing assay was performed to determine the effect of EPHB2 silencing on 

migratory ability of NSCLC cells (fig.40). The results of wound-healing assay indicated that A549 and 

NCI-H23 cells silenced for EPHB2 migrate slower than control cells, as observed for TAZ and TAZ-

AS202 silenced cells (fig.40A-B). A minor effect was also seen in NCI-H1299 cells (fig.40C). 

Furthermore, invasion assay through Matrigel matrix was conducted to evaluate the effect of EPHB2 

silencing on the invasive ability of A549 cells. The results demonstrated that the ability to invade 
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through matrigel matrix was significantly decreased in EPHB2-silenced cells (fig.41A-B). Overall, our 

results suggest that TAZ, TAZ-AS202 and EPHB2 control proliferative, migratory and invasive 

properties of NSCLC cells in vitro. Nevertheless, EPHB2 overexpression should be performed to 

rescue the phenotype resulting from TAZ and TAZ-AS202 downregulation and to demonstrate that 

TAZ/TAZ-AS202/EPHB2 axis is relevant during lung cancer progression.  
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Figure 39: A, B, C) RT-qPCR showing the expression of EPH-ephrin genes upon transfection with siRNA against TAZ and TAZ-AS202 for 

48 hours compared to CT siRNA in A) A549, B) NCI-H23 and C) H1299 cells. Data are expressed as mean +/- SEM. D) Western blot 

showing EPHB2 protein levels upon transfection with siRNA against TAZ and TAZ-AS202 for 48 or 72 hours in A549 cells compared to 

control cells. E) RT-qPCR showing EPHB2 mRNA downregulation upon 48h of siRNA transfection against EPHB2 in A549, NCI-H23 and 

H1299 cells. Data are expressed as mean +/- SEM. F) Growth curves generated by Trypan blue count of viable cells at different time 

points after transfection with siRNA against EPHB2, on A549, NCI-H23 and H1299 cells. Statistical significance was calculated between 

SiRNA treated cells and CT cells. Data are expressed as mean ± SEM. N = 6, *p < 0.05, **p< 0.01, ***p<0.001. 
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Figure 40: Migration ability of A) A549 cells, B) NCI-H23 cells and C) H1299 cells transfected with siRNA against EPHB2 compared 

to control cells, measured by scratch wound-healing assay. On the left, the wound closure 48 hours after the scratch is reported. 

On the right, wound closure rate. The area of the scratch was measured at different time points from the scratch in A) A549, B) 

NCI-H23 and C) H1299 cells. The area of the scratch was measured using ImageJ software. The area at each time point was 

normalized to the area at T0 and statistical significance was calculated between CT treated cells and siRNA treated cells. Data are 

expressed as mean ± SEM. N = 6, *p < 0.05, **p< 0.01, ***p<0.001. 
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Figure 41: Invasion ability of A549 cells. A) Cells were transfected with siRNA against EPHB2 or control. Images of invading cells 

were taken 72h from transfection. B) Graph showing the rate of invasion. Cells were counted using ImageJ software and the 

number of cells for each condition was normalized on the number of cells in the control insert conditions. Data are expressed as 

mean ± SEM. N = 8, *p < 0.05, **p< 0.01, ***p<0.001. 
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TAZ-AS202 controls EPHB2 expression through a transcriptional and indirect mechanism 

Our data indicate for the first time that TAZ and TAZ-AS202 have a role in regulating EPH-ephrin 

signalling. Next, we started to dissect the mechanism through which TAZ-AS202 regulates EPHB2 

expression. To this end, we downregulated TAZ-AS202 through siRNA transfection and we treated 

cells with the transcription inhibitor Actinomycin D or DMSO (MOCK). As shown in fig.42A, 

actinomycin D blocks the effect of TAZ-AS202 silencing on EPHB2, demonstrating that this lncRNA 

regulates EPHB2 through a transcriptional mechanism. Next, to verify whether this mechanism is 

direct, we treated A549 cells with the protein synthesis inhibitor cycloheximide or DMSO (MOCK). 

As shown in fig.42B, cycloheximide blocks the effect of TAZ-AS202 silencing, demonstrating that this 

lncRNA regulates EPHB2 through an indirect mechanism. These data suggest that TAZ-AS202 may 

regulate EPHB2 through the regulation of another unknown transcriptional or co-transcriptional 

factor which in turn directly regulates EPHB2 expression.  
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Figure 42: A) RT-qPCR showing the expression of EPHB2 upon transfection with siRNA against TAZ-AS202 and treatment with 

DMSO (MOCK) or actinomycin D. 24 hours after transfection with siRNA against TAZ-AS202 or control siRNA, cells were treated 

with DMSO (MOCK) or actinomycin D at the concentration of 5µg/ml and RNA was collected after 8 hours. Data are expressed as 

mean ± SEM. N = 3, *p < 0.05, **p< 0.01, ***p<0.001. B) RT-qPCR showing the expression of EPHB2 upon transfection with siRNA 

against TAZ-AS202 and treatment with DMSO or cycloheximide. 24 hours after transfection with siRNA against TAZ-AS202, cells 

were treated with DMSO (MOCK) or cycloheximide at the concentration of 50µg/ml and RNA was collected after 24 hours. Data 

are expressed as mean ± SEM. N = 3, *p < 0.05, **p< 0.01, ***p<0.001.  
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TAZ-AS202 controls the transcription and the stability of mRNAs for several transcription factors 

Since we observed that TAZ-AS202 regulates EPHB2 expression through an indirect transcriptional 

mechanism, we reasoned that TAZ-AS202 may control the expression of transcription factors that 

in turn may induce or repress EPHB2 expression.  

From our RNA-Seq analysis, we identified several transcriptional factors whose expression is 

deregulated by TAZ-AS202 silencing, including: KLF2, FOSL2, JUNB, KLF4, SMAD7, SP6 and TCF7. 

Strikingly, all these factors have been reported to have a role in cancer development and 

progression and may be involved in EPHB2 regulation as well. 

To explore this hypothesis, we verified if lncRNA-dependent regulatory activity on these genes is 

transcriptional, direct/indirect. To this end we downregulated TAZ-AS202 in A549 cells through 

siRNA transfection. 24 hours after siRNA transfection, we treated cells for 24 hours with protein 

synthesis inhibitor cycloheximide or DMSO (MOCK). As seen in fig.43B-G, cycloheximide is able to 

block the effect of TAZ-AS202 silencing on FOSL2, JUNB, SMAD7, SP6 and TCF, implying that the 

lncRNA regulates these transcriptional factors through an indirect mechanism. On the contrary, 

cycloheximide does not block the effect of TAZ-AS202 silencing on KLF2 (fig.43A), implying that the 

lncRNA regulates this gene through a direct mechanism. 

Next, to evaluate if the direct regulatory activity of TAZ-AS202 on KLF2 is transcriptional, we 

downregulated TAZ-AS202 in A549 cells through siRNA transfection. 24 hours after siRNA 

transfection, we treated cells for 8 hours with the transcription inhibitor actinomycin D or DMSO 

(MOCK). As expected, actinomycin D is able to block the effect of TAZ-AS202 silencing on FOSL2, 

JUNB, SMAD7, SP6 and TCF, implying that this lncRNA regulates these transcriptional factors 

through a transcriptional and indirect mechanism (fig44B-G). Strikingly, actinomycin D does not 

block the effect of TAZ-AS202 silencing on KLF2 (fig.44A), implying that this lncRNA directly regulates 

the stability of KLF2 mRNA. 
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Figure 43: A-G) RT-qPCR showing the level of expression of TAZ-AS202 target genes upon SiRNA transfection against TAZ-AS202 

with DMSO (MOCK) or cycloheximide. After 24h of siRNA treatment, cells were treated with cycloheximide and RNA pellet were 

collected 24h after. Statistical significance was calculated between CT treated cells and siRNA treated cells. Data are expressed as 

mean ± SEM. N = 3, *p < 0.05, **p< 0.01, ***p<0.001.  

 

r
e

la
t
iv

e
 e

x
p

r
e

s
s

io
n

C
T

 D
M

S
O

S
iR

N
A

 A
S

2
0
2
 D

M
S

O

 C
T

 A
c
tD

S
i 
A

S
2
0
2
 A

c
tD

0 .0

0 .5

1 .0

1 .5

2 .0
KLF2 ** 

* 

A 

r
e

la
t
iv

e
 e

x
p

r
e

s
s

io
n

C
T

 D
M

S
O

S
iR

N
A

 A
S

2
0
2
 D

M
S

O

 C
T

 A
c
tD

S
i 
A

S
2
0
2
 A

c
tD

0 .0

0 .5

1 .0

1 .5

* 

FOSL2 
B 

r
e

la
t
iv

e
 e

x
p

r
e

s
s

io
n

C
T

 D
M

S
O

S
iR

N
A

 A
S

2
0
2
 D

M
S

O

 C
T

 A
c
tD

S
i 
A

S
2
0
2
 A

c
tD

0 .0

0 .5

1 .0

1 .5

JUNB 

** 

C 
r

e
la

t
iv

e
 e

x
p

r
e

s
s

io
n

C
T

 D
M

S
O

S
iR

N
A

 A
S

2
0
2
 D

M
S

O

 C
T

 A
c
tD

S
i 
A

S
2
0
2
 A

c
tD

0 .0

0 .5

1 .0

1 .5

2 .0

D 

r
e

la
t
iv

e
 e

x
p

r
e

s
s

io
n

C
T

 D
M

S
O

S
iR

N
A

 A
S

2
0
2
 D

M
S

O

 C
T

 A
c
tD

S
i 
A

S
2
0
2
 A

c
tD

0 .0

0 .5

1 .0

1 .5
SMAD7 

* 

E  

r
e

la
t
iv

e
 e

x
p

r
e

s
s

io
n

C
T

 D
M

S
O

S
iR

N
A

 A
S

2
0
2
 D

M
S

O

 C
T

 A
c
tD

S
i 
A

S
2
0
2
 A

c
tD

0 .0

0 .5

1 .0

1 .5

SP6 
** 

F 

Figure 44: A-G) RT-qPCR showing the level of expression of TAZ-AS202 target transcriptional factors upon siRNA transfection 

against TAZ-AS202 with DMSO (MOCK) or actinomycin D (ActD). After 24h of SiRNA treatment, cells were treated with actinomycin 

D and RNA pellet were collected 8h after. Statistical significance was calculated between CT treated cells and siRNA treated cells. 

Data are expressed as mean ± SEM. N = 3, *p < 0.05, **p< 0.01, ***p<0.001.  
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DISCUSSION 

In the first part of this work, we performed a genome-scale CRISPR/Cas9 screening on A549 NSCLC 

cells with the intent to identify genes and discover new mechanisms of resistance to BETi. This 

technique employed a large redundant library targeting virtually all genes in the human genome, 

holding the possibility to screen the whole genome for resistance and/or sensitivity genes to a given 

drug. With this approach, we showed for the first time that the increased TAZ activation, caused by 

independent loss of function of Hippo pathway genes LATS2, TAOK1 and NF2, causes resistance of 

lung cancer cells to BETi. In the proposed model, BRD4 binds to YAP, TAZ and TEAD promoters 

enhancing their expression and, treatment of lung cancer cells with BETi, causes BRD4 detachment 

from promoter regions; resulting in YAP, TAZ and TEAD downregulation. We showed for the first 

time that the downregulation of these genes is, at least in part, responsible of BETi cytotoxic effect 

in lung cancer cells. Loss of function of LATS2, TAOK1 and NF2 promotes TAZ nuclear localization 

and transcriptional activity, compensating the repression induced by BETi and sustaining resistance 

to this drug (fig.45). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 45:  Proposed model of Hippo regulatory role on response to BETi drugs. A) TAZ transcription is enhanced through BRD4 

binding on TAZ promoter regions, while TAZ protein activity is regulated by Hippo pathway that controls TAZ correct balancing 

between nucleus and cytosol. B) Treatment of lung cancer cells with JQ1 results in BRD4 detachment from TAZ promoter regions 

and TAZ downregulation at transcriptional level, thus causing proliferation block. C) In a context in which LATS2, TAOK1 and NF2 

are inactivated, TAZ is more nuclear and more active, thus compensating BETi effects and inducing resistance. This picture is from 

Gobbi et al, 2019. 



69 
 

BETi have shown efficacy on pre-clinical models and entered in the first phases of clinical trials for 

both hematological and solid tumors, including lung cancer (see for example NCT04309968, 

NCT03205176, NCT03936465; source www.clinicaltrial.gov). However, early results of clinical trials 

showed limited efficacy on unselected groups of patients affected by solid tumors (Postel-Vinay, S. 

et al, 2019). These results highlight the need to provide biomarkers that can be used to select 

patients that may benefit from the therapy. Our work is the first presenting the involvement of the 

Hippo signaling in regulating response to BETi in lung cancer. 

In lung cancer context, it has been shown that inactivating mutations of LKB1 (STK11) in KRAS-

mutated NSCLC increased resistance to the BETi JQ1 (Shimamura, T. et al, 2013). LKB1 is a tumor 

suppressor gene encoding a protein with kinase activity able to control AMPK and mTOR signaling. 

This protein is mutated in a high percentage of NSCLC patients, approximately 15-30%. We observed 

that LKB1 is not present in the list of sensibility genes from our RNA-seq. This is expected, since LKB1 

is mutated and hence inactive in A549 cells. However, our data confirm the existence of a link 

between LKB1 and BETi response. Indeed, LKB1 is also an upstream regulator of YAP and TAZ 

activity: LKB1 phosphorylates MARK kinases that, in turn, phosphorylate and activate MST1/2 and 

LATS1/2 Hippo pathway kinases (Mohseni, M. et al, 2014). These findings, together with our data, 

support the existence of an LKB1-Hippo-YAP/TAZ signaling that modulates response to BETi and 

suggest that mutations and/or alteration in this axis may be considered biomarkers to predict BETi 

response in NSCLC patients. 

Strikingly, our findings expand the comprehension on the cytotoxic effect of BETi treatment on cells. 

BETi are epigenetic drugs which cause the block of cancer cells proliferation and enhance apoptosis 

through the downregulation of known oncogenes to which cancer cells are addicted. The main 

genes downregulated upon BETi treatment are c-MYC, FOSL1, BCL2, WNT5A, RUNX2 and KIT 

(Donati, B. et al, 2018; Dawson, M. et al, 2011; Lockwood, W.W. et al, 2012; Loven, J. et al, 2013; 

Sancisi, V. et al, 2017). Specifically, in lung cancer, BETi have been shown to exert anti-oncogenic 

properties through c-MYC and FOSL1 repression. In this study, we showed, for the first time, that 

BRD4 regulates YAP, TAZ and TEAD and BETi attenuate cancer cells proliferation, at least in part, 

through the repression of these oncogenes at transcriptional level, with consequent loss of 

downstream oncogenic program activation. Importantly, our model does not exclude the other 

mechanisms described, but could be concomitant, adding a new mechanism explaining BETi anti-

cancer activity. 

http://www.clinicaltrial.gov/
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YAP and TAZ are paralogues, often considered as functionally redundant in cellular functions. 

Strikingly, our data are not in agreement with this conception. We observed an important difference 

between YAP and TAZ in our model of NSCLC: TAZ KO attenuates cell proliferation and sensitizes 

cells to BETi treatment while YAP KO does not attenuate cell proliferation and does not sensitize 

cells to BETi treatment. Moreover, alteration in these genes seems to exert different effects also on 

patient’s prognosis, being overexpression or amplification of TAZ, but not of YAP, associated with a 

worse prognosis. These data are in line with the emerging literature considering TAZ and YAP 

function not completely overlapping. Indeed, structural differences, differential expression, 

different post-translational modifications and distinct interacting partners support the existence of 

a different role for YAP and TAZ in specific contexts, from morphogenesis to diseases (Reggiani, F. 

et al, 2020). 

Hippo Pathway is described as a well-conserved signalling cascade which consists in several proteins 

equally inhibiting both TAZ and YAP activity. On the contrary, we found that, in lung cancer context, 

the inactivation of LATS2, TAOK1 or NF2 significatively change only TAZ localization, resulting in TAZ, 

but not YAP, nuclear accumulation. We may speculate that, given the redundancy of Hippo Pathway, 

the different Hippo Pathway members selectively or preferentially regulate TAZ or YAP. This 

selective regulation may be context-dependent and may rely on the distinct structural features of 

these two proteins, including specific post-translational modifications, or on the interaction with 

different partners. 

In the breast cancer context, it has been reported that BETi specifically suppress YAP/TAZ-

dependent transcription (Zanconato, F. et al, 2018). However, the molecular mechanism proposed 

is different: BRD4 directly associates to YAP and TAZ to form a complex that activates the expression 

of target genes. Treatment of breast cancer cells with BETi disrupts this association, leading to 

downregulation of YAP/TAZ target genes. The model proposed in our study is slightly different but 

not entirely in contrast with the mechanism proposed by Zanconato F et al. It may be hypothesized 

that these two different mechanisms occur in different cancer contexts or that they are 

concomitant, at least in some cases, reinforcing the inhibitory effect of BETi treatment on YAP and 

TAZ transcriptional program. 

Although limited to in vitro experiments, our data are in line with other studies which report that 

YAP and TAZ are modulators of response to different anti-cancer drugs as, cisplatin, gemcitabine 

and TKi. Overall, our data support a general role for Hippo Pathway and YAP/TAZ in modulating the 

response to various anti-cancer compounds. Moreover, since YAP and TAZ overexpression in tumors 
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has been associated with aggressive features, shorter patient’s survival and resistance to anti-cancer 

drugs, our data suggest that BETi may be used in combination therapy to downregulate YAP and 

TAZ expression, counter-acting their pro-oncogenic activity and re-sensitizing cancer cells to other 

treatments. Giving that TAZ is a master transcriptional regulator, controlling the expression of a 

large number of target genes, it would be interesting, as a future prospect, to characterize which 

TAZ downstream specific effectors are directly involved in modulating response to BETi. 

In the second part of this thesis, we studied the link between TAZ and its associated lncRNA TAZ-

AS202 in lung cancer. TAZ expression is upregulated in 66% of NSCLC patients and our data show 

that lung cancer patients with high TAZ expression have worse prognosis. However, few mutations 

in the TAZ gene have been described, suggesting the existence of not fully characterized 

mechanisms regulating TAZ activity. TAZ-AS202 is a NAT whose transcription starts upstream TAZ 

promoter in antisense orientation. Its expression correlates with TAZ and exert a strong pro-

oncogenic activity in vitro, being its silencing directly associated with a reduction of lung cancer cells 

proliferation, migration and invasion. Moreover, some main TAZ target genes are also regulated by 

TAZ-AS202 and 45% of TAZ-AS202 target genes are also regulated by TAZ. Based on these data and 

on well-characterized function of NATs in regulating neighbour genes in cis, our first hypothesis was 

that TAZ-AS202 regulated TAZ expression. Contrary to our hypothesis, our data demonstrated that 

TAZ-AS202 do not influence TAZ mRNA or protein levels. In addition, we demonstrated that TAZ-

AS202 is not implicated either in regulating TAZ at post-translational level, since its expression does 

not influence TAZ phosphorylation or nucleo/cytoplasmic localization. Finally, we also showed that 

TAZ-AS202 do not influence YAP expression, phosphorylation or nucleo/cytoplasmic localization. 

These results suggest that TAZ-AS202 regulatory function on TAZ target genes is exerted through a 

different, still unknown mechanism. On the other hand, the interplay between TAZ and TAZ-AS202 

is supported also by TAZ regulation on TAZ-AS202 expression. We hypothesize that TAZ controls the 

activity of its own promoter through direct binding. Indeed, binding sites for TEAD and SMAD factors 

are present on the promoter region shared between TAZ and TAZ-AS202. Based on observed 

influence of TAZ-AS202 on TAZ target genes and on influence of TAZ on TAZ-AS02 expression, we 

may speculate the existence of a positive autoregulatory crosstalk between TAZ and its cognate 

lncRNA in lung cancer (fig.46). 

 

 

Figure 46: Proposed model of the crosstalk 

between TAZ and lncRNA in lung cancer. TAZ 

silencing downregulates TAZ-AS202 RNA 

suggesting that TAZ protein is required for 

lncRNA transcription. Subsequently, TAZ and 

TAZ-AS202 functionally cooperate to direct 

the transcription of target genes through a 

molecular mechanism yet to be 

characterized. In the graph, PTAZ and PTAZ-

AS202 are TAZ and lncRNA promoter region, 

respectively. 
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Strikingly, in A549 cells, TAZ-AS202 silencing impairs cells migration more strongly than TAZ 

silencing, implying a more prominent role for this lncRNA in regulating migration capacity. This can 

be explained by the ability of TAZ-AS202 to regulate EPH-ephrin signalling. In particular, we 

demonstrated that TAZ-AS202 regulates the expression of the EPHB2 receptor, a central node of 

this pathway, through an indirect and transcriptional mechanism. 

EPHB2 encodes a member of the B-type receptors belonging to EPH-ephrin signalling, a biological 

process with a key role during both embryogenesis and cancer progression. The main function of 

this pathway is the perception of cell-cell contacts which results in the control of migratory ability 

of cells. In lung cancer patients, EPHB2 overexpression correlates with a worse prognosis (Zhao, C., 

2017), but the molecular mechanism that regulates EPHB2 transcription and activity had never been 

described. 

Downregulation of EPHB2 expression and, in general, attenuation of EPH-ephrin signaling upon TAZ-

AS202 silencing might explain the phenotypic changes observed in lung cancer cell lines.   

Confirming this hypothesis, we showed that EPHB2 silencing results in the attenuation of cell 

migration, proliferation and invasion. In our proposed model, TAZ and TAZ-AS202 functionally 

cooperate for EPHB2 expression, while EPHB2 supports lung cancer cells features, implying the 

relevance of EPHB2 as fundamental downstream effector of both TAZ and TAZ-AS202. Even if further 

experiments are required, we can speculate that the presence of EPHB2 supports lung pro-

oncogenic features through the interaction with ephrins ligands and the activation of downstream 

EPH-ephrin signalling. Interestingly, increasing literature on EPH-ephrin signalling role in cancer 

prompted the development of monoclonal antibodies against EPH receptors that already entered 

in the first phases of clinical trials for glioblastoma, glioma and different solid tumors (see for 

example NCT03374943 and NCT02252211; source http://www.clinicaltrial.gov). Such treatments 

may be considered a further tool to blunt TAZ and TAZ-AS202 pro-oncogenic activity at the level of 

their downstream target EPHB2. 

The characterization of the molecular mechanism through which TAZ-AS202 regulates EPHB2 

expression is object of our ongoing study. Our data show that the lncRNA regulates EPHB2 through 

a transcriptional and indirect mechanism. Thus, we suppose that TAZ-AS202 may regulates a 

transcriptional factor, which in turn regulates EPHB2. RNA-seq analysis revealed the presence of 

several transcriptional factors positively or negatively regulated by the lncRNA. The relevance of 

each of these transcription factors has been well characterized in cancer progression, EMT and 

http://www.clinicaltrial.gov/
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metastasis. Among these, KLF2 particularly attracted our attention. Indeed, while TAZ-AS202 

regulates the expression of the others transcriptional factors through an indirect mechanism, its 

silencing induces an increase of KLF2 mRNA, through a direct post-transcriptional mechanism, 

suggesting that its function may be to negatively regulates KLF2 mRNA stability. The KLF (Kruppel-

like) factor family of proteins, consists of a set of transcription factors that are present in various 

organisms and are involved in differentiation and proliferation (Black, A.R. et al, 2001). KLF2 is a 

member of this family and exerts onco-suppressive functions in various cancer settings by enhancing 

apoptosis, differentiation and inhibiting cells growth. The anti-cancer functions exerted by KLF2 are 

explained by both inducing the expression of onco-suppressors and repressing the expression of 

oncogenes (Wang, F. et al., 2005; Yuedi, D. et al. 2020), among which EPHB2 may be included.  

Even if several further experiments are needed to demonstrate this hypothesis, we can speculate 

that the presence of TAZ-AS202 may destabilize the mRNA of the onco-suppressor KLF2, which, on 

turn, may regulate EPHB2 expression through a molecular mechanism yet to be determined. On the 

contrary, lncRNA downregulation stabilizes KLF2 mRNA, leading to EPHB2 downregulation. In this 

proposed model, KLF2 may function as EPHB2 direct repressor or suppress EPHB2 expression 

through an indirect mechanism. Even if to date we still not have enough experimental evidences 

supporting this model, it has just been demonstrated that the stability of KLF2 mRNA is influenced 

by the TINCR lncRNA (terminal differentiation-induced non-coding RNA) in gastric cancer (Xu, T.-P. 

et al. S, 2015). In addition, we observed the presence of putative KLF2 binding sites on EPHB2 

promoter region and on two enhancer regions located in the first and the third introns of EPHB2 

gene. This observation suggests that KLF2 may directly bind to EPHB2 regulatory regions to control 

its transcription.  

Overall, even if limited by in vitro experiments, our data suggest for the first time the relevance of 

lncRNA TAZ-AS202 activity in controlling lung cancer cells proliferation, motility and invasion. 

Although the molecular mechanism underlying this role is still object of further studies, we showed 

that the EPH-ephrin signaling receptor EPHB2 is an important effector downstream TAZ and TAZ-

AS202 activity. In future, the possibility to develop anti-cancer drugs against EPHB2, may be used to 

counteract TAZ and TAZ-AS202 downstream pro-oncogenic transcriptional program in lung cancer. 
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MATERIALS and METHODS  

Cell cultures 

A549, NCI-H23, H1299, NCI-H1975, MCF7, LNCAP and DU145 cell lines were obtained from Dr. 

Massimo Broggini (IRCCS-Istituto di Ricerche Farmacologiche Mario Negri Milan, Italy). BCPAP and 

TPC1 cells lines were obtained from Prof. Massimo Santoro (University of Naples, Naples, Italy). 

A375, SK-Mel28 and MDA-MB-231 cells lines were obtained from Dr. Adriana Albini (Institute for 

Reaserch and Treatment (IRCCS) MultiMedica, Milan, Italy). HEK293T cells lines were obtained from 

ATCC (LGC Standards, Sesto San Giovanni, Italy). All cell lines were authenticated by SNP profiling at 

Multiplexion GmbH. All cell lines were grown at 37°C and 5% CO2. A549, NCI-H23, NCI-H1975, 

H1299, LNCAP and DU145 were grown in RPMI medium supplemented with 10% fetal bovine serum 

and antibiotics (penicillin and streptomycin). The remaining cell lines were grown in DMEM medium 

supplemented with 10% fetal bovine serum and antibiotics.  

Lentiviral Infection  

For each lentiviral infection, lentiviral particles were obtained from HEK-293T cell line. 

Approximately 150000 HEK-293T cells were seeded in a 24-well plate in transfection culture medium 

(complete medium without Penicillin/Streptomicin). The day after, HEK-293T cells were transfected 

with a mix of the transfer plasmid of interest and the packaging/envelope plasmids: pRSV-Rev, 

pMDLg/pRRE and pMDG.2. pRSV-Rev, pMDLg/pRRE and pMD2.G were a gift from Didier Trono 

(Addgene plasmid # 12253, # 12251, # 12259) (Dull, T. et al, 1998). For each transfection we used 

500 ng of total DNA: 125ng of pRSV-Rev, 125ng of pMDLg/pRRE, 50ng of pMDG.2 and 200ng of the 

plasmid of interest, using the following protocol: The plasmid mix was diluted in 50 ul of OptiMEM. 

In parallel, we diluted 1.5ul of Lipofectamine2000 (Thermo Fischer Scientific) in 50ul of OptiMEM 

and incubated for 5 minutes. The two solutions were mixed and incubated for 25 minutes at room 

temperature. Finally, the final mix of plasmids was added on HEK-293T. Viral surnatant was collected 

48 hours after transfection. It has been filtered through 0.45µm filters and polybrene was added at 

a final concentration of 2µg/ml. Viral suspension was added to cells and, then, centrifugated at 1800 

rpm for 45’ at 32°C. Cells were incubated at 37°C in the incubator. 4 hours after, the medium was 

replaced with normal medium. The day after, antibiotic selection started for one week. We used 

blasticidin 12,5µg/ml (Invivogen, Toulouse, France) or Puromycin 1µg/ml (Life Thecnologies, Monza, 

Italy). 
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Generation of A549, NCI-H23 and NCI-H1975 stably expressing CAS9 

For Cas9 expression, cells were infected with lentiviral particles containing lentiCas9-Blast (gifted 

from Feng Zhang; Addgene plasmid #52962) (Sanjana et al, 2014). For A549, cells were infected in 

24 wells and, the day after, blasticidin selection started. After selection, cells were seeded in 96 

wells at the concentration of 1 cell for well for isolating clones. We tested each clone by Western 

blotting with anti-Flag antibodies (F1804, Sigma Aldrich) and we choose the clones with the highest 

Cas9 expression (clone #19) to perform the screening and the subsequent experiments. For NCI-H23 

and NCI-H1975, Cas9 expression was verified in the pool of blasticidin resistant cells by Western 

blotting. The pool was used for subsequent experiments.  

Generation of LATS2, TAOK1, NF2, YAP and TAZ knockout pools 

Sequences of 3 sgRNAs for each target gene have been cloned in LentiGuide-Puro plasmid 

(sequences below) into BsmBI site (Sanjana NE, 2014). For lentiviral particles production, HEK-293T 

were transfected with a mix of the transfer plasmid of interest (LentiGuide-Puro + sgRNA) and the 

packaging/envelope plasmids (see Lentiviral infection section). A549/Cas9, NCI-H23/Cas9 or NCI-

H1975/Cas9 were infected as previously described (see Lentiviral infection paragraph). The day after 

the infection, puromycin selection started. Puromycin was used 1µg/ml for 1 week. After puromycin 

selection, the presence of the mutation at genomic level (indel) was verified by T7 endonuclease I 

cleavage assay (ALT-R kit, Integrated DNA Technologies, Skokie, Illinois, USA), following instructions 

described in the next paragraph. 

Alt-R Genome Editing Detection Kit 

After 1 week of antibiotic selection, sgRNA infected cells were washed with 100ul of PBS1X and lysed 

with 50ul of QuickExtract DNA Extraxtion Solution (Lucigen, Wisconsin, USA). Lysed cells were 

incubated for 10 minutes at 65°C and for 5 minutes at 98°C. Total lysed cells were diluted in 100ul 

of Nuclease-Free Water. The PCR mixes were prepared as follows: 4ul of genomic DNA, 300nm of 

specific primers pairs reported in the table4, 0.3mM of dNTPs (Promega, Milan, Italy), 0.3ul of 

Phusion High-Fidelity DNA Polymerase (Thermo-Fisher, Monza, Italy), 5X of Phusion Polymerase HF-

Buffer (Thermo-Fisher, Monza, Italy) and Nuclease-Free Water up to a final volume of 25ul. The PCR 

reactions were performed on Thermal-Cycler (BioRad, Segrate, Italy) following the reported 

protocol: 95°C for 3 minutes, 95°C for 30 seconds, 68°C for 30 seconds, 72°C for 1 minute. Next, we 

repeated these last three steps decreasing from 68°C to 58°C. Finally, we performed 28 cycles as 

follows: 95°C for 30 seconds, 58°C for 30 seconds, 72°C for 1 minute. After amplifying the specific 

genomic regions, we formed homo/heteroduplex in a final volume of 18ul using 10 ul of PCR sample, 

6ul of Nuclease-Free Water and 2ul of T7E1 Reaction Buffer (10X). For homo/heteroduplex 
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formation we used the following protocol: 95°C for 10 minutes, from 95°C to 85°C with a decrease 

of 2°C for second, from 85°C to 25°C with a decrease of 0,3°C for second. Next, homo/heteroduplex 

were digested with 2 ul of T7 endonuclease 1 (1U/µl) for 1h at 37°C. The digestion products were 

visualized using 1% agarose gel. After 30 minutes of the run of the gel, the digestion was analyzed 

with BioRad GelDoc EZ Imaging System. The two digested bands for each lane (band1 and band2) 

were quantified and the percentage of INDEL was calculated as follows: 100*{1-RADQ [1- 

((band1+band2)/100)]}. 

Off-target frequencies determination 

To evaluate the extend of off-target sites mutations, a NGS custom panel of amplicons was designed, 

comprising for each sgRNA, the 9 highest-scoring off-target sites. Libraries were generated starting 

from 10ng of DNA extracted from each sgRNA infected cell line and control cell line infected with a 

non-targeting sgRNA, using AmpliSeq Custom DNA Panel for Illumina. The total pool was loaded into 

MiSeq Reagent Kit v2 (500 cycles) cartridge and 2X250 pair-end sequenced using Illumina MiSeq 

sequencer. FastQ files were generated by MiSeq Reported Software and loaded on Basespace 

Software (Illumina). The alignment of the reads was checked by Basespace using DNA Amplicon App. 

We included the indels that were present in sgRNA infected cells with a coverage of at least 2000X 

and a frequency higher than 0.5%. The frequency of genetic modification in off-target sites is 

reported in Table 2 of the Results section. 

SiRNA transfection 

For RNA Interference transfections, silencer select siRNA oligos (Thermo Fisher Scientific, Monza, 

Italy) targeting TAZ, AS-202, AS-203, EphB2, BRD4 (table4) or control oligos were transfected using 

RNAiMax Lipofectamine (Thermo Fisher Scientific, Monza, Italy). 20 nM oligos targeting BRD4 and 

25 nM oligos targeting the other genes were transfected following a reverse transfection protocol, 

in T25 6 wells or 24 wells culture plates. For reverse transfection in 24 well culture plates, a mix 

containing the selected siRNA (20 or 25 nM), 1.5 ul of RNAimax (Thermo Fisher Scientific) and 100ul 

OptiMEM was prepared. For reverse transfection in the other culture plates, each mix was added in 

the correct proportion. After 20 minutes incubation, cells were trypsinized and added to 

transfection mixes. For 24-well culture plates we used 80000/100000 cells per well. The cell number 

for the other containers was scaled proportionally to container area.  For RT-qPCR and Western blot 

analyses of transfected cells, cells were harvested 48 hours after transfection; for proliferation, 

scratch wound-healing and invasion assays, cells were harvested and seeded in the respective 

culture plates 24 hours after transfection. 
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RNA extraction, Reverse Transcriptase Reaction and quantitative real time-PCR 

Total RNA was extracted and purified with RNAesy Mini kit (Qiagen, Milan, Italy). RNA was quantified 

with Nanodrop 2000/2000c Spectrophotometer (Thermo Fisher Scientific, Monza, Italy) 

and 250/500 ng RNA was retrotranscribed using iScript cDNA kit (Biorad, Segrate, 

Italy). Total RNA was mixed with 1ul of RT enzyme, 5X iScript Buffer (dNTPs, oligo (dt), 

random hexamers, RNAse inhibitors, MGCl2) and Nuclease free water to 20ul of final 

volume. The reaction was performed in thermal cycler with the following protocol: 

25°C for 5 minutes (priming), 45°C 1 hou r (RT reaction) and 95°C for 1 minute (RT 

inactivation). The obtained cDNA was diluted with Nuclease Free Water for qPCR and 

used for qPCR reactions. To perform qPCR, we used Sso Fast EvaGreen Super Mix 

(BioRad, Segrate, Italy), containing Taq polymerase, dNTPs, buffer and EvaGreen 

staining reagent for detection. We added 300nM of each primer and water up to 10ul. 

qPCR was performed in specific 96-well plates and the detection was performed using 

CFX96 Real Time PCR Detection System (BioRad, Segrate, Italy) . The protocol is as 

follows:  95°C for 30 seconds, 95°C for 5 seconds, 59°C for 5 seconds. Repeated for 40 

cycles. 

For relative target gene expression, we applied the 2- ΔΔCt method, using cyclophilinA (CYPA) as 

reference gene. 

Western blot 

Total proteins were extracted using Passive Lysis Buffer (PLB) (Promega, Milan, Italy). PLB was 

diluted to 1x concentration and supplemented with Protease Inhibitor Cocktail (Roche, Monza, 

Italy). Protein extracts were incubated on ice for 20 minutes and quantified using Bradford Reagent 

(BioRad, Segrate, Italy). SDS-PAGE was performed using BioRad apparatus and Mini-Protean TGX 

pre-cast gels (BioRad, Segrate, Italy). After the run of the gel, proteins were transferred on a 

nitrocellulose membrane using Turbo Blot protocol (BioRad, Segrate, Italy). The nitrocellulose 

membrane was washed 5 minutes with a solution containing PBS1X and Tween 0,01% (Sigma-

Aldrich, Milan, Italy). Next, the membrane was incubated in blocking solution (PBS1X, Tween 0,01% 

and milk 5%). For specific protein detection, we used the following primary antibody diluted 1:1000 

in PBS1X, Tween 0,01% and milk 2,5%: rabbit anti-EphB2 (BioRad, Segrate, Italy), anti-NF2 (D3S3W, 

Cell Signaling Technologies), rabbit anti-AMOTL2 (ab182177, Abcam), rabbit anti-LATS2 (D83D6, Cell 

Signaling Technologies), rabbit anti-SPOP (ab1375371, Abcam), rabbit anti-TAOK1 (A300-524A, 

Bethyl), rabbit anti-BRD4 (A301-985A50, Bethyl), mouse anti-β-actin (AC-15; Sigma-Aldrich), mouse 

anti-α-tubulin (sc-8035, Santa Cruz), mouse anti-RNA-Polll (ab817, Abcam), rabbit anti-TEAD2 
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(orb382464, Biorbyt); for TAZ detection we used rabbit anti-YAP1/TAZ (D24E4; Cell Signaling 

Technologies). Anti-YAP1/TAZ detects only a faint staining for YAP1, thus, YAP1 staining was 

obtained with rabbit anti-YAP (D8H1Z, Cell Signaling Thecnologies). As secondary antibodies, diluted 

1:5000 in PBS1X, Tween 0,01% and milk 2,5%, we used horseradish peroxidase-conjugated anti-

rabbit, anti-mouse and anti-goat (GE Healthcare, Piscataway, NJ) and Clarity ECL Substrate (BioRad, 

Segrate, Italy). Before and after adding the solution containing secondary antibody, the membrane 

was washed with PBS1X and Tween 0,01%. Finally, the protein signal was acquired using ChemiDoc 

Imaging System (BioRad, Segrate, Italy). 

Immunofluorescence 

Immunofluorescence analysis was performed seeding each pool of cells at the concentration of 

200000 cells per well in a 4-Chamber Cell Imaging Slide (Eppendorf, Hamburg, Germany). The day 

after, cells were fixed in 4% of paraformaldehyde (in PBS 1X) for 15 minutes at room temperature. 

Cells were then washed and permeabilized with triton at the concentration of 0.1% (in PBS 1X) for 

2 minutes. The blocking of the unspecific sites was performed with 20% FBS (fetal bovine serum) 

and 2% BSA (bovine serum albumine) diluted in PBS 1X for 1h. Cells were stained with the primary 

antibody diluted 1:200 in PBS1X and 2% BSA and incubated for 1 hour. Secondary anti-rabbit Alexa 

594 conjugated antibody (Thermo Fischer Scientific, Monza, Italy) was diluted 1:1000 in PBS 1X and 

2% BSA and incubated on cells for 1 hour. For specific protein detection, we used the following 

primary antibody: for Immunofluorescence of TAZ, we used rabbit anti-YAP1/TAZ (D24E4; Cell 

Signaling Technologies) and for the Immunofluorescence of YAP1 we used rabbit anti-YAP (D8H1Z, 

Cell Signaling Thecnologies). DAPI staining was performed by incubating cells with DAPI dye at 

300nM concentration for 5 minutes. Images were acquired using fluorescent microscope (200X 

magnification in Nikon Eclipse NI microscope). We counted about 200 cells per condition. 

Chromatin Immunoprecipitation (ChIP) 

To perform ChIP experiments, 5 million of cells were seeded in two 150 cm plates. The day after we 

treated one plate with JQ1 1 µM and the other plate with DMSO. 24 hours after treatment, ChIP 

experiment was performed. Cells were crosslinked with 1% formaldehyde for 15 minutes at room 

temperature. Then, external membrane of cells was lysed with Cell Lysis Buffer (Tris 10mM pH 8; 

KCl 85mM; NP40 % and Protease Inhibitor Cocktail). Nuclei were lysed using Nuclei Lysis Buffer (Tris 

50 mM pH 8; EDTA 10mM; SDS 1% and Protease Inhibitor Cocktail). The obtained lysates were 

sonicated for 2 cycles (30 seconds ON and 30 seconds OFF) to obtain chromatin fragments of mean 

length of 500 bp, using Bioruptor Pico sonicator (Diagenode, Milan, Italy). The obtained chromatin 

was diluted in Chip Dilution Buffer (SDS 0.01%; Triton X-100 1,1%; EDTA 1,2 mM; Tris 16,7 mM pH 
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8; NaCl 167 nM and Protease Inhibitor Cocktail). Diluted chromatin was immunoprecipitated at 4°C 

overnight in agitation using 20ul Magna ChIP protein G Magnetic Beads (Merck Millipore, Milan, 

Italy). We used 1µg of the following antibody rabbit anti-BRD4 (A301-985A50, Bethyl), 1g of rabbit 

anti-acetyl-K27-histone H3 (ab4729; Abcam), 1µg of normal rabbit igG (Cell Signaling Technologies), 

1µg of rabbit anti-YAP1/TAZ (D24E4; Cell Signaling Technologies) for TAZ detection and 1µg of rabbit 

anti-YAP (D8H1Z, Cell Signaling Thecnologies) for YAP detection. For each experiment, 10% of 

chromatin was kept before immunoprecipitation as input control. The day after, magnetic beads 

were precipitated using magnetic rack and the immunocomplex bound to the beads were washed 

using four different specific buffers. The beads were washed 1X with Low Salt buffer (SDS 0,1%, 

Triton 1%, EDTA pH8 2mM, Tris pH8 20mM, NaCl 150mM and water), 1X with High Salt Buffer (SDS 

0.1%, Triton 1%, EDTA pH8 2mM, TrispH8 20mM, NaCl 500mM and water), 1X in LiCl Buffer (LiCl 

250mM, NP40 1%, EDTA 1mM, Trisp pH8 1mM, Nadeoxicolato 1% and water) and 2X in TE Buffer 

(Tris pH8 10mM, EDTA 1mM). We used 300ul of Elution Buffer (NaHCO3 0.1M, SDS 1%) to elute the 

immunocomplexes and to dilute input samples. Reverse crosslink was performed adding to IP and 

input 12ul NaCl 5M and incubating over-night at 65°C. The day after, we performed Proteinase K 

treatment adding to IP and input 19ul Proteinase K solution (6ul EDTA 0.5M, 12ul Tris 1M pH 6.5 

and 1ul Proteinase K 20mg/ml) and incubating for 1 hour at 45°C. After Proteinase K treatment, DNA 

was extracted with QUIAquick PCR-purification Kit (Qiagen, Milan, Italy) following manufacturer’s 

instructions. 

RNA-sequencing (RNA-seq) 

RNA-seq was performed on A549 cells transfected with siRNA against TAZ, TAZ-AS202 and control 

siRNA in two independent biological replicates. For each experimental condition, cell pellets were 

collected 48 hours after transfection. The total RNA was extracted and the downregulation of TAZ, 

TAZ-AS202 was verified by RT-qPCR compared to control cells. Samples were quantified at Qubit 

(Thermo Fisher Scientific, Milan, Italy) and loaded on Bioanalyzer-RNA 6000 nano kit (Agilent 

Technologies, Santa Clara, California, USA) for purity and quality assessment. Libraries were 

prepared starting from 1 μg RNA, using TruSeq Stranded total RNA kit (Illumina, San Diego, 

California, USA). Next generation sequencing was conducted by NextSeq 500 platform (Illumina, San 

Diego, California, USA) on high-output cartridge (2X75) and a minimum of 30 million of reads for 

each replicate was expected. The graph of RNA-seq pipeline is reported in fig.47. Sequencing quality 

was assessed using FastQC v0.11.8 software 

(www.bioinformatics.babraham.ac.uk/projects/fastqc/), showing on average a Phred score per 

base >34 in each sample. Raw sequences were then aligned to the human reference transcriptome 

https://owa.asmn.re.it/owa/redir.aspx?REF=H1fISXRgeg7-uPpIXK4WcebLOGimxyR9ZnJLuXk4qYTb6dbODY_YCAFodHRwOi8vd3d3LmJpb2luZm9ybWF0aWNzLmJhYnJhaGFtLmFjLnVrL3Byb2plY3RzL2Zhc3RxYy8.
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(GRCh38, Gencode release 30) using STAR version 2.7 and gene abundances were estimated with 

RSEM algorithm (v1.3.1). Differential expression analysis was performed using DESeq2 R package, 

considering a False Discovery Rate (FDR) of 5% and excluding genes with low read counts. Significant 

genes underwent to enrichment analysis, performed on Reactome pathways databases via enrichR 

package, using a significance threshold of 0.05 on p-value adjusted by Benjamini-Hochberg 

correction for multiple testing.  

 

 

 

 

 

 

 

 

 

 

Luciferase Assay 

For luciferase assay, cells were co-transfected with 8XGTIIC-luciferase vector, containing 8 TEAD 

binding sites upstream a firefly luciferase gene, and pRL-TK vector, containing a constitutive 

thymidine kinase promoter upstream a renilla luciferase gene, using Lipofectamine2000 (Life 

Thecnologies, Monza, Italy) in triplicates for each pool of cells in 96 wells. As control, we used PGL3-

Empty Vector and pRL-TK vector. 24 hours after transfection, cells were harvested and luciferase 

activity was measured using the Dual-Luciferase Reporter Assay System (Promega) with a GloMax 

Discovery Luminometer (Promega), according to the protocol. For each sample, firefly luciferase 

activity was normalized on renilla luciferase activity. 

Generation of A549 and NCI-H23 resistant cells line 

To generate A549 and NCI-H23 cells resistant to JQ1, we treated cells with increasing doses of JQ1, 

starting with 0.1M and ending with 2M. Drug concentration was changed every 1-2 weeks. 

 

 

Figure 47 
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Generation of TAZ overexpressing A549, NCI-H23 and NCI-H1975 cells lines 

To generate TAZ overexpressing cells, we infected A549/Cas9, NCI-H23/Cas9 or NCI-H1975/Cas9 

cells with pLL3.7 K122 FH-TAZ-ires-GFP-TEAD-responsive-H2B mCherry plasmid or with pLL3.7 K122 

-ires-GFP-TEAD-responsive-H2B mCherry, as an empty vector control; using the protocol reported 

in Lentiviral Production paragraph. The plasmids were a gift from Yutaka Hata (Addgene plasmid 

#68713 and Addgene plasmid #68714). Infected cells were selected for GFP expression through 

FACSMelody cell sorter (BD). 

TCGA data analysis 

NSCLC patients were analyzed for mutational profile using TCGA dataset available through the 

cBioportal portal (http://www.cbioportal.org) (Cerami, E. et al, 2012). Survival analysis and Kaplan-

Meier representations were performed using R version 3.5.1 and package “survival”. Log rank test 

was applied to compare survival curves and calculate p values. 

Cytoplasmic and Nuclear extract 

For cytoplasmic and nuclear extract, 1 million of cells per pool were seeded in two T25 culture flask. 

To obtain total lysates we added the Passive Lysis Buffer (PLB) 5X (Promega) supplemented with 

protease inhibitor to cells for 15 minutes in ice and, then, we centrifuged for 15 minutes at @14500 

rpm. For cytoplasmic fraction, cells were lysed in Cytoplasmic Buffer (10mM Hepes pH 7,9; 1,5mM 

MgCl2; 100mM KCl and protease inhibitor) for 15 minutes on ice. 0,05% NP40 for A549 and 0,025% 

NP40 for NCI-H23 was added to obtain lysate and centrifuged at @3000 rpm for 2 minutes. The 

surnatant, representing the cytoplasmic, was further centrifuged for 15 minutes at @3000 rpm. 

Nuclei pellet was washed twice with Cytoplasmic Buffer. For Nuclei lysis, the obtained pellet was 

lysed in Nuclei Lysis Buffer (20mM hepes pH 7.9; 25% Glycerol; 0.42M NaCl; 1,5mM MgCl2; 0,2mM 

EDTA and Protease inhibitor) on ice for 30 minutes. The lysate was centrifuged for 10 minutes at 

@14500 rpm. Surnatant represents nuclear extract while the pellet represents chromatin insoluble 

fraction. All centrifugations were performed at 4°C and all buffers were supplemented with Protease 

Inhibitor Cocktail (Bimake, Munich Germany) and SUPERase Rnase-Inhibitor (Thermo-Fisher, 

Monza, Italy) to evaluate nuclear/cytoplasmic localization of RNA and proteins. 

Cell Viability Assay 

Cell proliferation was evaluated using Real-Time-Glo Cell viability assay (Promega). For this assay, 

400 cells were seeded per well in a 96 well culture plate, in triplicate. The following day, cells were 

treated with JQ1 at the concentration of 0.5, 1 or 2 µM and DMSO. At the same time, we added 

NanoLuc Luciferase substrate (1000X) and a cell permeant substrate (1000X). The luminescent signal 

was read with Glomax Discover Luminometer (Promega), 48, 72 and 96 hours after cell plating. 
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Trypan blue cell counting 

Cell proliferation was evaluated also performing manual cell counting. For the evaluation of cell 

proliferation after JQ1 treatment, 3500 cells per well in a 96 well culture plate were seeded in 

triplicate. The day after, cells were treated with JQ1 at the concentration of 0.5, 1 or 2 µM, or DMSO. 

72 hours after treatment, viable cells were counted in each well using Trypan blue staining (Sigma-

Aldrich, Milan, Italy) and automated cell counter (Countess, Life Technologies). For the evaluation 

of cell proliferation after siRNA transfection: the first day cells were transfected in a 6-well culture 

plate. The day after, cells were harvested and seeded at the concentration of 3500 cells per well in 

a 96 well culture plates. 48, 72 and 96 hours after transfection, cells were counted in each well using 

Trypan blue (Sigma-Aldrich, Milan, Italy) and automated cell counter (Countess, Life Technologies).  

Colony forming assay 

For colony forming assay, A549 cells were seeded in 10cm culture dishes at the concentration of 

1000 cells per dish while NCI-H23 were seeded in 10cm culture dishes at the concentration of 300 

cells per dish. 24 hours after seeding, cells were treated with different concentration of JQ1 (0,5-

1µM). Medium was freshly added every 2 days for 10 days for A549 cells and for 15 days for NCI-

H23 cells. Next, the dishes were fixed with cold methanol and the colonies were stained with a 

solution containing Crystal Violet (0,2% w/v). The colonies were finally counted using ImageJ 

software. 

Scratch Wound Healing Assay  

24 hours after transfection with specific siRNAs, 1 million of cells were seeded in a 6-well culture 

plate. The day after, cells were treated with mytomicin (Sigma Aldrich, Milan, Italy) at the 

concentration of 2 µg/ml for A549, 10 µg/ml for H1299 and 1 µg/ml for NCI-H23, for 1 hour and 30 

minutes. Then, cell medium was replaced with normal complete culture medium. Scratches were 

applied using a pipette tip. Healing areas were captured at 0, 19, 26 and 48 hours after the scratch 

using a Nikon Ti-E inverted microscope (Nikon Instruments, Florence, Italy). Three images per 

condition were taken. The area of the scratch was calculated at each time point using ImageJ 

software and each time point was normalized on the specific area of T0.   

Invasion Chamber Assay             

A549 cells were transfected the first day with siRNA against TAZ, TAZ-AS202, EPHB2 or control siRNA 

in a T25 flask. 24 hours after transfection, the RNA downregulation of the specific targets was 

checked by RT-qPCR. 48 hours after transfection, 3X104 cells were seeded in a Matrigel Invasion 

Chamber or control chambers (CT insert) (BD Biosciences, San Jose, CA) in triplicate. Complete 

medium containing 10% FBS was used as chemo-attractant. The day after, invading cells were fixed 
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with methanol, stained with crystal violet and pictures were obtained using a Nikon Ti-E inverted 

microscope. Three fields for each well were captured and invading cells were manually counted. To 

obtain the graph, we divided the cells in the Matrigel Invasion Chamber with the cells in the control 

insert for each condition. 

Actinomycin D and cycloheximide treatments 

For actinomycin treatment: cells were transfected with the specific siRNA and, 24 hours after, were 

treated for 8 hours with actinomycin D (Sigma- Aldrich, Milan, Italy) at the concentration of 5µg/ml 

or DMSO (MOCK) as control. During the treatment, the RNA downregulation of the specific targets 

was checked by RT-qPCR. After actinomycin D treatment, RNA pellets were collected and the 

differences of the expression of genes between actinomycin D treated cells and DMSO treated cells 

was checked with RT-qPCR. 

For cycloheximide treatment: cells were transfected with the specific siRNA and, 24 hours after, 

were treated for 24 hours with cycloheximide at the concentration of 50µg/ml or DMSO (MOCK) as 

control. During the treatment, the RNA downregulation of the specific target was controlled with 

RT-qPCR. After cycloheximide treatment, RNA pellets were collected and the differences of the 

expression of genes between cycloheximide treated cells ad DMSO treated cells was checked by RT-

qPCR. 

Statistical Analysis 

Statistical analysis was performed using GraphPad Prism Software (GraphPad Software, San Diego, 

California, USA). Statistical significance was determined using the Student’s t-test. Each experiment 

was replicated two to 6 times. Threshold for significance was considered P-value <0.05. 
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RT-qPCR primers 

TAZ-AS202 TAZ-AS202_F ATGAAAACTTGAGGCCAGCC

TAZ-AS202_R GCCTTTCCTTCTCCATGTGG

TAZ-AS203 TAZ-AS203_F GGCCGGATTCATCTTCTGC

TAZ-AS203_R GTCGAGACGTGGTGGAGTTG

ROCK2 ROCK2_F TGGGCGAGAATGTGATTGGT

ROCK2_R TGTTCCTACAAGTGAATCCGCA

SRC SRC_F TGAGGCATGAGAAGCTGGTG

SRC_R CCCCTTGAGAAAGTCCAGCA

VAV2 VAV2_F ATCGCGCAGAACAAAGGGAT

VAV2_R CCTCCAGGCTGCGGTAGA

DNM1 DNM1_F GATGGACGAGGGCACAGATG

DNM1_R TCAATGTCCTTCTGGCTCCG

CLTCL1 CLTCL1_F TGCTGTGCTCACCATGATGA

CLTCL1_R TAACAGAGCTCGACGTTGGC

EPHB2 EPHB2_F TGGACTCCACTACAGCGACT

EPHB2_R GTGCGGATCGTGTTCATGTT

MYH10 MYH10_F CCATCAGACAACCAGAGCCA

MYH10 AGTTCTCTGCGCCATTGTAA

AP2M1 AP2M1_F GACGTGATGGCTGCCTACTT

AP2M1_R CGGAATTCTGTGGGTAGCCA

TCF7 TCF7_F CTCATGCATTACCCACCCC

TCF7_R TCGTAGAGAGAGAGTTGGGG

RUNX1 RUNX1_F CCTCAGGTTTGTCGGTCGAA

RUNX1_R GATGGCTCTGTGGTAGGTGG

JUNB JUNB_F ACACCAACCTCAGCAGCTAC

JUNB_R GAGGTAGCTGATGGTGGTCG

FOSL2 FOSL2_F GCGTGATCAAGACCATTGGC

FOSL2_R CGACGCTTCTCCTCCTCTTC

SP6 SP6_F TCCAAACTTACCAGGGCCAC

SP6_R CATAGCCCTGCGAGAAGTCC

KLF2 KLF2_F GAAGCCCTACCACTGCAACT

KLF2_R TGTGCTTTCGGTAGTGGCG

KLF4 KLF4_F TTCCCATCTCAAGGCACACC

KLF4_R GCGAATTTCCATCCACAGCC

SMAD7 SMAD7_F CCTCCTTACTCCAGATACCCGA

SMAD7_R CCCAGGGGCCAGATAATTCG

OIP5-AS1 OIP5-AS1_F TTTCCTTGACCTTTAGGTGCTTT

OIP5-AS1_R GAAGCAGGACTACCCACTCTAGG

KCNQ1OT1 KCNQ1OT1_F GGCTACGACCACAGGTGAAA

KCNQ1OT1_R GTCTGCTGGCTTGTGTGTTG

CTGF CTGF_F ATTCTGTCACTTCGGCTCCC

CTGF_R GCTGCTTGGAAGGACTCTC

CYR61 CYR61_F CTGGAATGCAACTTCGGCG

CYR61_R CCGTTTTGGTAGATTCTGGAGT

AXL AXL_F CTGCGGACTGTCTGGATGG

AXL_R GGCCTTCAGTGTGTTCTTCCA

ANKRD1 ANKRD1_F AGACCTTCAACGCCAAAGACA

ANKRD1_R CTTGATGTTGAGATCCGCGC

Ciclophilin A Ciclophilin A_F GACCCAACACAAATGGTTCC

Ciclophilin A_R TTTCACTTTGCCAAACACCA

YAP1 YAP1_F GCAGGTTGGGAGATGGCAAA

YAP1_R GCTGTGACGTTCATCTGGGA

TAZ TAZ_F GGCTGGGAGATGACCTTCAC

TAZ_R GCTGATTCATCGCCTTCCTAG

TEAD1 TEAD1_F CCACAAGCTCAAACACTTACCA

TEAD1_R ACACAGGCCATGCAGAGTAG

TEAD2 TEAD2_F GCCTCTGAGCTTTTCCAGTT

TEAD2_R CGGTGTCTGTGAGAATGGCT

TEAD3 TEAD3_F CAGCCTACCCCATCCAGC

TEAD3_R GAGGAGGCAATGGTACGGTC

TEAD4 TEAD4_F GAAGACCCGCACCAGGAA

TEAD4_R TTAGCTTGGCCTGGATCTCG

BRD4 BRD4_F ATGCCGTCAAGCTGAACCTC

BRD4_R GATACATTCCTGAGCATTCCAGT

Table4 
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Alt-R primers 

Chromatin Immunoprecipitation primers 

YAP1 YAP1_CH_F AGAACTTCCTGCAGCCAAGG

YAP1_CH_R GTATTCTGCCCCGCGAACC

TAZ TAZ_CH_F CCCAGACACTCAGCGGTAAG

TAZ_CH_R CCCTCGCCCTATCTTCTCCT

TEAD2 TEAD2_CH_F TCTACAGGCGCTAGTGGACT

TEAD2_CH_R ACGCAGCCTTTCACCCTTAA

NEG CTRL NegCtrl_F TCTCAAGGTGCCTGTCTGC

NegCtrl_R TGAAGTTTGGCCTCTGGTCT

AMOTL2 A01819/21_F AGTGTTGGGCATACAGTGGG

AMOTL2 A01819/21_R CCTGTTTGGTGGCCTCTCAT

AMOTL2 A01820_F AGGAAGAGTGGAGGGAGCTT

AMOTL2 A01820_R AAGCACAGAAGGATCCAGCC

SPOP A46762/63/64_F AGTGGAAAGCTGAGATGCCC

SPOP A46762/63/64_R TCTTCTATGGGGCCTGCATT

LATS2 A26066/67_F CACACGCACGCTCTTCAC

LATS2 A26066/67_R GTTCAAGACCCTCAGCCCC

TAOK1 A48305_F ACTATGTTCTTGATCTACTGTGTGA

TAOK1 A48305_R ATCCCTGAAGAGCACCATGT

TAOK1 A48306_F AGTTGCATGTTCTTGTTAACTCTT

TAOK1 A48306_R ACCAAGGAATCGTGATCAGCT

TAOK1 A48307_F ACCTCACAACCTGTAATGCACT

TAOK1 A48307_R CCCCAGCTAGTTATGAATGGCT

NF2 A31760_F CCCTTAGAGCAGCACGTTGA

NF2 A31760_R TCTTCAAGTCCACAAGTCCCA

NF2 A31761_F TTAGCCATCGAGCCAGTGAC

NF2 A31761_R GTTTCTCCCTGGCCAGTTGA

NF2 A31762_F ATCCCTTCCCACACTCATGC

NF2 A31762_R ACAGAAAGTATGCGCCAAGTG

WWTR1 br2-4_F AGAGTTGGCTTCAGTCCTGC

WWTR1 br2-4_R CCTCTTACCCACTTCCTCCG

WWTR1 br3_F GCTAGATGAAGACAGGAGGCC

WWTR1 br4_R CTGCTTGCAGAATCCCCAGT

YAP1 A54630_F ACAGTTTTCTTGGTGTGAGCC

YAP1 A54630_R GTGATTCTGGTTAGTCGGCCA

YAP1 A54631_F TGACTTTTGGGGTTTTGTGGTG

YAP1 A54631_R ACCCGCTTCAGAACCAAATCT

YAP1 A54632_F CAGTCAGAGTGCTCCAGTGA

YAP1 A54632_R TTGAGAAATGTCATATTGGTGTATCC

U1 U1_F GGGAGATACCATGATCACGAAGGT

U1_R CCACAAATTATGCAGTCGAGTTTCCC

siRNA sequences 
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