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The Hippo signaling pathway is a highly conserved 
pathway that regulates cell proliferation and apoptosis. 
The core components of the pathway, a cascade of protein 
serine kinases, are commonly present in most eukaryotic 
organisms (1). In animals, the pathway is associated with 
limiting growth and thereby controlling e.g., organ size (2). 
The major target of Hippo signaling is the transcriptional 
regulator yes-associated protein 1 (YAP1). Inhibition of 
YAP1 via phosphorylation by kinases of the Hippo signaling 
pathway prevents the translocation of YAP1 from the 
cytoplasm to the nucleus and subsequent activation of YAP1 
target genes (2). A plethora of evidence shows that inhibition 
of Hippo signaling and activation of YAP1 is oncogenic. 
Furthermore, overexpression and nuclear localization 
of YAP1 has been detected in multiple human cancers, 
supporting the idea that the YAP1 is an oncogene (3).  
In this general framework, the Hippo signaling pathway is 
considered to be a tumor suppressor pathway that inhibits 
the activation of the proto-oncogene YAP1.

In lung squamous cell carcinomas (SCCs) this dogma 
that Hippo signaling is a tumor suppressor pathway and 
oncogenic functions of YAP1 are activated is supported 
by the identification of mutations in core genes that can 
affect Hippo signaling and decreased expression of Hippo 
kinases. The mutations occur at relatively low rates and 
indicate inhibition of Hippo signaling and activation of 

YAP1 (4) [e.g., YAP1 at 1%, large tumor suppressor kinase 
½ (LATS1/2) at 3.5%, WW domain-containing protein 1 
(WWC1) at 3.2%, FAT atypical cadherin 4 (FAT4) at 7%, 
catenin at 14%]. Furthermore, the majority of human non-
small cell lung cancers (NSCLCs), including lung SCCs, 
have drastically reduced levels of LATS2 expression (5) a 
kinase of the Hippo pathway that directly inactivates YAP1 
by phosphorylating the S217 site in YAP1.

However, a few reports have contradicted the straight-
forward storyline of YAP1 as an oncogene (6,7). Dr. 
Hongbin Ji’s group recently performed a study (Huang et 
al.) suggesting that YAP1 may be a more complex player in 
cancer than previously anticipated (8). In their report, Dr. 
Ji’s laboratory provided evidence that YAP1 may function 
in an unorthodox way in a subset of lung squamous cell 
cancers, in which its activation may lead to the inhibition of 
cancer growth (8).

Interestingly, Huang et al.’s primary interest had not 
been in Hippo signaling per se but in the discovery of new 
drugs that can target lung SCCs. Their drug screen initially 
discovered digitoxin and digoxin to be new candidates for 
anti-cancer drugs because of their significant inhibitory 
effects on the viability of human lung SCC cell line L78 (8).  
Further in vivo testing showed that digitoxin is able to 
inhibit tumor growth in lung SCC cell line xenografts and 
patient-derived xenograft (PDX) models. Since digitoxin 
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has been suggested to interact with YAP1 (9) and had been 
used to turn on YAP1 activity (10), Huang et al. speculated 
that a major pathway altered by digitoxin in lung SCCs may 
be Hippo/YAP1 signaling. Indeed, treatment of lung SCC 
cell lines in vitro and in vivo with digitoxin significantly 
reduced the phosphorylation of YAP1 and increased its 
nuclear translocation and activation.

Interestingly and surprisingly, overexpression of a mutant 
YAP1, YAP1 (S217A), that cannot be phosphorylated at 
the critical site S217, led to similar outcomes as digitoxin 
treatment itself and suggests that YAP1 does not always 
function as an oncogene and is important for the cytotoxic 
effect of digitoxin in lung SCCs. Even more strikingly, in 
Huang et al.’s experiments, suppression of LATS1/2, the 
kinases that phosphorylate S217 in YAP1, or the inhibition 
of the Hippo upstream kinases STK3/4, also resulted in 
growth suppression, despite their general recognition 
as tumor suppressor genes. Previous studies in lung 
adenocarcinoma cell lines had similar findings: siRNA-
mediated suppression of LATS2 inhibits proliferation (11). 
What is puzzling here is that in general many NSCLCs, 
including lung SCCs, already have very low expression 
levels of LATS1/2 (5). So why does further reduction of 
their expression cause growth inhibition? In addition, 
we and others have observed the dependency of YAP1 
levels on the presence of LATS1/2 or STK3/4 (12,13). 
However, based on the experiments of Huang et al. it is 
unclear whether inhibition of LATS1/2 and STK3/4 are 
equivalent to constitutive activation of YAP1 signaling using 
YAP1(S217A).

Huang et al. then asked the obvious question: how is it 
possible that Hippo signaling is upside down in lung SCCs? 
Since domains within YAP1 that mediate its transcriptional 
activity were required for its growth suppressive function, 
the authors interrogated the transcriptome of YAP1 
(S217A)-overexpressing cells. Surprisingly, genes associated 
with removal of reactive oxygen species (ROS), e.g., GPX2, 
were reduced upon YAP1 (S217A) overexpression. The 
authors concluded that digitoxin treatment or inhibition of 
Hippo signaling and activation of YAP1 resulted in excessive 
ROS production, which in turn led to growth inhibition 
and death (Figure 1). Worth to mention, YAP1 can be 
induced by increased levels of ROS during neurogenesis, 
e.g., knockout of the uncoupling protein 2 (UCP2) in 
mitochondria results in increased ROS levels, which in turn 
induce nuclear accumulation of YAP1 and increased YAP1-
dependent proliferation (14). 

And this relationship between YAP1 and ROS is an 

emerging theme in Hippo/YAP1 signaling. In cardiomyocytes 
a YAP1/FOXO1 complex activated catalase genes and 
SOD2 to reduce ROS production (15). Furthermore, YAP1 
and the Drosophila homologue Yorkie can dramatically 
reduce ROS production in several cancer cell lines and in 
in vivo animal models through transcriptional regulation 
of a set of mitochondrial genes and SOD2 (16). There is 
now also mounting evidence that ROS, e.g., derived from 
mitochondrial activity, can affect Hippo signaling and YAP1 
activity in different cell types (16). In Drosophila, a major 
result of the transcriptional activation may be mediated 
through regulators of mitochondrial fusion opa1 and 
mitochondrial assembly Marf (16). Here YAP1/Yorkie have 
clearly protective functions: ROS activate YAP1 and YAP1 
induces the transcription of ROS-eliminating enzymes, 
which in turn reduce ROS levels (Figure 1) (15,17). 
However, the consequences of YAP1 activation can still 
differ dramatically and either induce proliferation (15) or 
apoptosis (17) probably depending how well ROS levels are 
contained.

In the case of Huang et al., the induction of YAP1 by 
ROS remained unexplored despite indications that some 
cardiac glycosides may be able to induce ROS. The authors 
themselves showed dramatic increases of ROS in response 
to digitoxin but did not explore whether ROS by themselves 
are able to induce YAP1 activation in lung cancer cells. It 
remains to be seen if ROS activation is indeed a typical 
function of digitoxin or if the opposite is the norm (18). 
To add another layer of complexity, WWTR1, a YAP1 
related protein, can also be regulated by ROS. At least in 
HEK293T cells, WWTR1 is clearly up-regulated within 
1 hour of H2O2 exposure, while YAP1 is reduced (19). 
Interestingly, WWTR1 contains several cysteines that are 
responsive to oxidation under oxidative stress conditions 
while YAP1 does not contain any cysteines at all, suggesting 
that WWTR1 could function as a redox sensor (19). In 
any case, the relationship between Hippo/YAP1/WWTR1 
signaling and ROS is an exciting field which offers new 
insights into the crucial role Hippo signaling occupies in 
cell biology.

To test whether manipulation of YAP1 activity through 
digitoxin could be of any use in treating human lung SCCs, 
Huang et al. tested two lung SCC PDXs models, one with 
high levels of YAP1 expression and the other with a low 
YAP1 level. As expected based on their previous results, 
the PDX model with low YAP1 expression showed up-
regulation of nuclear YAP1, growth inhibition and elevated 
ROS activity when treated with digitoxin, while the other 
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PDX model did not respond well. The data suggest that 
two different molecular classes of lung SCCs may exist: one 
that has activated YAP1 through mutation or alternative 
mechanisms within the Hippo pathway and the other 
that can still activate YAP1 “normally” but the cells are 
not adapted to YAP1 activation and are unprepared for 
elevated ROS production. Data on nuclear YAP1 expression 
support this grouping with about 25–60% of the lung 
SCCs expressing nuclear YAP1 (20-22). Interestingly, the 
rough framework of the Ji laboratory’s work on YAP1 in 
lung cancer proposes that YAP1 activation is associated 
with TP63 down-regulation and an adenocarcinoma  
phenotype (22). With that in mind, the question arises, how 

do the 25–60% of lung SCCs (20-22) with activated nuclear 
YAP1 maintain their SCC phenotype? How have they 
adapted?

Another critical question is: will digitoxin treatment of 
YAP1-low tumors be successful? Probably not. Most likely 
the tumor cells will eventually adapt to the YAP1 activation 
and learn to deal with the consequences of elevated ROS, 
i.e., develop resistance against the drug (e.g., switch to an 
adenocarcinoma differentiation type or mutate the Hippo/
YAP1 pathway). Furthermore, since digitoxin and digoxin 
are relatively toxic in humans and have been associated 
with elevated cancer rates (23), their application as lung 
SCC drugs or drugs against YAP1-low cancers may be 
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Figure 1 Model of differential response to digoxin in “YAP1 low” and “YAP1 high” tumors. “YAP1 high” tumors show nuclear expression 
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YAP1 which eventually results in a toxic increase of ROS production due to inhibition of GPX2 and other enzymes that normally protect the 
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low” tumors in which YAP1 activation leads to more ROS production, YAP1 activation leads to the activation of genes such as SOD2 that 
control ROS levels. Furthermore, ROS themselves may actually induce YAP1 activity in these “YAP1 high” tumors. Therefore, in “YAP1 
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activated, e.g., by digoxin treatment. YAP1, yes-associated protein 1; ROS, reactive oxygen species.
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disappointing.
In this regard the perplexing question remains 

unaddressed on whether YAP1 activation is the main culprit 
of digitoxin toxicity in lung SCC cells. Digitoxin exhibits 
anti-cancer activity in many cell lines, including cell lines 
where YAP1 activity is probably beneficial. Are there really 
two independent mechanisms of digitoxin toxicity, one 
relying on an atypical YAP1 function and one on a more 
“classical” Na-K-ATPase inhibition (24)? It is unclear from 
Huang et al.’s findings whether the “classical” digitoxin 
cytotoxicity mechanisms are actually active in lung SCC 
cells. If YAP1 is indeed the main gateway through which 
digitoxin exerts its anti-lung SCC effects, this would be 
remarkable.

The dual role of YAP1 in lung cancer proposed by 
the Ji laboratory has previously been discussed in colon 
cancer (25). Ou et al. have explored how YAP1 can have 
opposite effects in cancer cells and suggested that YAP1 
can mediate the effects of other signaling pathways beyond 
Hippo signaling. YAP1’s “flexibility” to bind several other 
transcription factors and cytoplasmic proteins may play 
a crucial role in whether YAP1 is oncogenic or tumor 
suppressive (25). This is plausible when keeping in mind 
the staggering number of 271 confirmed YAP1 interactors 
based on BioGRID (https://thebiogrid.org/115684/
summary/homo-sapiens/yap1.html). How these complex 
interactions of YAP1 are at work in lung cancer is 
still unclear. Interestingly, YAP1 does what Ou et al.  
have suggested: YAP1 can interfere with pathways well 
outside Hippo signaling, e.g., p63 signaling, and lead to 
fundamental and surprising changes in cell behavior (8). 
Since YAP1 has this versatile interactome, targeting YAP1 
for the purpose of cancer therapy may result in unintended 
consequences. If YAP1 can function as an oncogene as well 
as a tumor suppressor, finding the right balance, tools and 
approaches to fine-tune YAP activity may be difficult to 
achieve without deep knowledge of a patient’s molecular 
tumor classification.

The work of the Ji laboratory highlights the complexities 
and classification potential that YAP1 itself brings to 
NSCLC. To have, or not to have YAP1, that is the question 
that may have tremendous implications for the therapy 
of lung cancer patients in the near future. Defining the 
context-dependent interactors of YAP1, whether they 
are TEADs, TP73, SMADs, or other factors may greatly 
enhance the ability to define the role of YAP1 in the 
different types of NSCLC and their tumor-associated cell 
populations.
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