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Cysteine residues are essential for 
dimerization of Hippo pathway 
components YAP2L and TAZ
Prem Khanal1, Zongchao Jia  2 & Xiaolong Yang1

Hippo signalling pathway is an emerging signalling pathway that plays important roles in organ size 
control, tumorigenesis, metastasis, stress response, apoptosis, stem cell differentiation and renewal 
during development and tissue homeostasis. Recent studies reported that human serine/threonine 
protein kinase, Mst1, a core component of the Hippo pathway can be activated through formation 
of homodimer. However, it is still unclear whether or not other components of the Hippo pathway 
are also regulated through dimerization. Here we provide the first evidence that Hippo components 
and oncoprotein YAP2L and TAZ can form homodimer in vitro and in vivo by forming disulphide bond 
through cysteine residue(s). We have also shown that the homodimers of YAP2L/TAZ are more stable 
and showed more oncogenic behaviour than their corresponding monomers as revealed by colony 
formation and cell transformation assay. Since cysteine post-translational regulation plays important 
roles in redox signalling, tumorigenesis and drug resistance, further studies on the functional effect of 
this dimerization through post-translational modulation of cysteine residues in YAP2L/TAZ will provide 
a significant contribution to our understanding of the roles of YAP2L/TAZ in cancer development and 
therapy.

One of the common properties of the proteins is that they can form dimer or high-order oligomers through 
self-association1. The formation of either intermolecular or intramolecular dimers or oligomers is very impor-
tant process in protein folding2. Proteins usually form dimers or oligomers through specific motifs such as leu-
cine Zipper3,4, helix-loop-helix5, Ankyrin6 and PAS-domain7 or disulphide bond formation between cysteines 
(C)8. The dimeric or oligomeric forms of proteins have several impacts on their roles in cellular process1. For 
example, they can increase the activity and stability of proteins9,10, help to transport of molecules across cell 
membranes11,12, increase protein binding affinity to DNA and transcriptional activity13,14, cause increased cell 
proliferation, transformation and drug resistance13,15, and inhibit cell transformation16, Therefore, identification 
and characterization of novel dimeric/multimeric proteins are very important for fully understanding their func-
tions in different cellular process.

The Hippo signaling pathway, which was initially identified in Drosophila, is highly conserved in mammals17. 
This novel signalling pathway is involved in regulation of tissue growth, organ size, cell proliferation, apoptosis, 
tumorigenesis, mechanotransduction, drug resistance, stem cell renewal and differentiation18–28. Serine/threonine 
(S/T) kinases MST1/2 and LAT1/2, adaptor/scaffold proteins MOB1 and WW45, and two WW domain contain-
ing transcriptional co-activators YAP and its paralog TAZ are the main components of the Hippo pathway24,29–35. 
YAP and TAZ are the main downstream effector of Hippo pathway and are involved in cell proliferation, drug 
resistance and many other tumorigenic processes by transactivation of downstream genes (CTGF, Cy61, BMP4, 
etc.) in the nucleus through transcription factor TEAD or Smad23,35–39. Activation of LATS1/2 by upstream mem-
bers (MST1/2, MOB1, and WW45) of the Hippo signalling cascade phosphorylates and inactivates YAP and TAZ 
by promoting either their cytoplasmic retention or degradation, preventing them from transactivating down-
stream genes in the nucleus40,41.

Many studies have already shown the different mechanisms which leads to either increased or decreased levels 
or activity of YAP/TAZ and their importance in cancer biology. For example, while SCFβ-TRCP E3 ubiquitin ligase 
decreases the stability of YAP and TAZ by ubiquitin-mediated degradation27,42, PP1A and ASPP2 increases the 
TAZ activity by antagonizing its negative regulator LATS kinase through TAZ dephosphorization43. In addition, 
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it has been reported that one of the major components of the Hippo pathway, MST1 undergoes dimerization, 
which increases its kinase activity44,45. However, whether and how the levels or activities of other components of 
the Hippo pathway are also regulated through dimerization are largely unknown. In this study, we have shown 
that both YAP and TAZ undergo dimerization through cysteine residues, resulting in increase in their stability 
which leads to enhanced tumorigenesity of H460 lung cancer cells. This finding provides novel mechanism by 
which YAP and TAZ are regulated and have significant implication in our understanding the roles of YAP and 
TAZ in cancer.

Results
YAP2L isoform forms dimer in vitro and in vivo. The YAP (Yes associated protein 1) oncogene, a major 
component of hippo signalling pathway, is a transcriptional coactivator of target genes and involved in cell pro-
liferation and survival28. Since YAP protein has eight isoforms in human46 and there is no antibody to distin-
guish each isoform, we chose three most commonly studied isoforms of YAP (YAP1, YAP2 and YAP2L) (Fig. 1A) 
and tested them individually by expressing each isoform in cells. We first carried out a co-immunoprecipitation 
assay among the three different isoforms of YAP. HA or FLAG-tagged YAP1, YAP2 and YAP2L plasmids were 
transfected alone or together into HEK293 cells. The total cell lysates were immunoprecipitated with anti-HA 
antibody and blotted with anti-FLAG antibody. Interestingly, we found that YAP2L, a longest isoform among 
the three isoforms was found in the immune complex indicating that only YAP2L isoforms forms dimer in vivo 
(Fig. 1B). Next, we further confirmed this interactions using GST-pull down assays. Cell lysates from FLAG-
tagged -YAP1, -YAP2 and -YAP2L expression vectors transfected HEK293 cells were used for GST-pull down 
assays. As expected, only YAP2L was able to bind with YAP-GST (Fig. 1C). In summary, these experiments show 
that only YAP2L isoforms forms homodimer in vitro and in vivo.

Cysteine residue is essential for dimerization of YAP2L. To further explore this specific interaction 
of YAP2L isoforms, we analyze the sequence of these three isoforms and found that there is one cysteine res-
idue in YAP2L which is not present in YAP1 and YAP2 (Fig. 1A). Next, to explore the possibility of involve-
ment of this cysteine residue in dimerization of YAP2L, we transfected HEK293 with FLAG-tagged-YAP1,-YAP2 
and -YAP2L plasmids and cell lysates were run in non-reducing (no DTT) SDS-PAGE. Interestingly, the result 
showed that YAP2L (70 kDa) has an extra band at exactly at the size of dimer (140 kDa) indicating the possi-
bility of involvement of cysteine in dimerization of YAP2L (Fig. 2A). Since, cysteines are well known for form-
ing the inter- or intra-molecular dimers through the formation of disulphide bond and reducing reagent DTT 
can disrupt disulfide bonds in protein, we next checked whether the dimerization of YAP2L is disrupted by 

Figure 1. In vitro and in vivo dimerization of YAP2L isoform. (A) Schematic representation of YAP1, YAP2 
and YAP2L isoforms. (B) YAP2L isoform form dimer in vivo, HEK293 cells were transfected with HA or FLAG-
tagged-YAP1, -YAP2 and -YAP2L plasmids alone or together. The cells were harvested in 1%NP-40 lysis buffer. 
After checking the expression level of HA or FALG- tagged-YAP1,-YAP2 and-YAP2L, equal amount of cell 
lysates were subjected to co-immunoprecipitation assays using anti-HA antibody and immublotting analysis 
were performed using anti-FLAG or anti-HA antibody respectively. (C) YAP2L isoform form dimer in vitro, 
200 µg of cell lysates from FLAG-tagged-YAP1,-YAP2 and -YAP2L plasmids transfected HEK293 cells were 
precleared with 50% GSB beads overnight at 4◦C. After then, supernatants were mixed with 5 µg of GST or YAP-
GST and incubated for 2 hrs followed by addition of 20 μl of 50% GSB beads for another 1 hr. The beads were 
then washed, eluted by 2XSDS sample buffer and subjected to western blotting against anti-FLAG antibody. 
Ponceau-S staining shows the equal amount of fusion protein used for pull down. 1/10 input (20 µg) represents 
1/10 of protein lysate used for pull down.



www.nature.com/scientificreports/

3SCientifiC REPORts |  (2018) 8:3485  | DOI:10.1038/s41598-018-21828-6

DTT. Surprisingly, the treatment of DTT inhibited the dimerization of HA-YAP2L in a dose dependent manner 
(Fig. 2B), indicating that YAP2L forms dimer by forming the disulphide bond between the cysteine residues. 
Next, in order to check whether this cysteine residue of YAP2L is indeed necessary for this dimerization, we 
mutate the cysteine of YAP2L to alanine (YAP2L-C343A) and carried out GST-pull down assay using the lysate 
from HEK293 cells transfected with FLAG-tagged-YAP2L-WT or - C343A mutant and YAP2L-GST fusion pro-
tein purified from BL-21 bacteria. As expected, only YAP2L-WT was found to interact with YAP2L-GST and 
mutation of C343A completely abolished this interaction (Fig. 2C). This was further verified with Co-IP assay 
using lysates that were transfected with FLAG-tagged YAP2L-WT or -C343A and either HA-tagged YAP2L-WT 
alone or together (Fig. 2D). Involvement of cysteine residue in the formation of YAP2L dimer was further con-
firmed by running the FLAG-tagged-YAP2L-WT or -C343A overexpressed HEK293 cell lysates in non-reducing 
(no DTT) SDS-PAGE, which showed an existence of a dimer band in case of YAP2L-WT only (Fig. 2E). This 
result was further confirmed by using purified His-tagged-YAP2L-WT or-YAP2L-C343A mutant. For this, 1 μg 
of purified His-tagged-YAP2L-WT or-YAP2L-C343A mutant were run in non-reducing (no DTT) SDS-PAGE 
and blotted against anti-His antibody. As expected, only the YAP2L-WT showed a band around the 140 kDa, 
exactly the same size of dimer of YAP (Fig. 3A). Moreover, other bands were also seen above this dimeric band 
suggesting the possibility of oligomerization (trimer: 210 kDa; tetramer: 280 kDa) of YAP2L in vitro. Next, we 
checked whether this oligomerization of YAP2L-WT is disrupted under reducing condition. The results showed 
that purified His-YAP2L-WT reduced its ability to oligomerize when run in reducing SDS-PAGE (Fig. 3B). 
In order to further confirm the involvement of cysteine residue in the dimerization of YAP2L, 1 μg of purified 
His-tagged-YAP2L-WT or-YAP2L-C343A mutant were run in non-reducing SDS-PAGE in the presence/absence 
of 10 mM DTT and blotted against anti-His or anti-YAP antibody respectively (Fig. 3C and D). As before, we 

Figure 2. YAP2L undergoes dimerization through cysteine residue. (A) YAP2L isoform forms dimer, 15 µg of 
protein lysates from FALG-tagged-YAP1,-YAP2 and-YAP2L overexpressed HEK293 cells were separated by 
non- reducing SDS-PAGE and blotted against anti-FLAG antibody. (B) DTT treatment disturb the dimerization 
of YAP2L, 15 µg of protein lysates from HA-tagged-YAP1,-YAP2 and-YAP2L overexpressed HEK293 cells 
were treated with indicated amount of DTT (Dithiothreitol) and separated by non- reducing SDS-PAGE and 
blotted against anti-HA antibody. (C) Cysteine is necessary for dimerization of YAP2L in vitro, 200 µg of protein 
lysates from FLAG-tagged-YAP2L-WT or -YAP2L-C343A plasmids transfected HEK293 cells were subjected to 
GST-pull down assays as mentioned above. 5 µg of GST or YAP-GST were used for pull down, immunoblotting 
was carried using anti-FLAG antibody. (D) Cysteine is important for dimerization of YAP2L in vivo, co-
immunoprecipitation assay was carried was as mentioned above, in brief protein lysate from FLAG-tagged-
YAP2L-WT or -C343A and HA-tagged-YAP2L-WT alone or together transfected HEK 293 cells were subjected 
to immunoprecipitation using anti-HA antibody and the interaction was confirmed by immunoblotting against 
anti-FLAG and HA antibody respectively. (E) YAP2L-C343A mutant doesn’t form dimer, 15 µg of cell lysates 
from FLAG-tagged-YAP2L-WT or -C343A overexpressed HEK293 cells were separated by non- reducing SDS-
PAGE and blotted against anti-FLAG antibody.
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found that the dimer formed by purified YAP2L-WT was also inhibited in the presence of DTT indicating that 
this dimerization of YAP2L is due to the presence of disulphide bond between cysteine residues. Taken together, 
these data strongly suggest that cysteine residue is responsible for dimerization of YAP2L.

Cysteine residues are essential for dimerization of TAZ. Since TAZ, a paralog of YAP47, show similar 
characteristics towards cell proliferation, cell transformation and both of them are key downstream effectors of 
the Hippo pathway48, we were interested to check whether the cysteine residue is also important for dimeriza-
tion of TAZ. For this, we first mutated all three cysteines of human-TAZ individually or together into alanine 
(A) and HEK293 cells were transfected with FLAG-tagged-TAZ-WT, -TAZ-C262A, -TAZ-C320A, -TAZ-C363A 
or -TAZ-3CA (C262A, C320A andC363A) expression vectors. The resulting cell lysates were separated by 
non-reducing SDS-PAGE in the presence/absence of 10 mM DTT. Consistently, the result showed that TAZ also 
form homodimer through cysteine residues which is disrupted in the presence of DTT (Fig. 4A). Although single 
cysteine has various effects on dimerization, mutation of all three cysteine residues completely abolished TAZ 
dimerization (Fig. 4A). We further confirmed the importance of all these three cysteines residues of TAZ in 
its dimerization by running the FLAG-tagged-TAZ-WT of -TAZ-3CA overexpressed HEK2393 cell lysates in 
non-reducing SDS-PAGE (Fig. 4B). Next, we performed GST-pull down assay to check the effect of mutation of 
all three cysteine residues of TAZ in its dimerization. When GST pull-down assay was carried out with cell lysates 
expressing FLAG-tagged TAZ-WT or TAZ-3CA and TAZ-WT-GST fusion protein purified from bacteria, only 
the TAZ-WT was found to bind with TAZ-GST (Fig. 4C). This was further verified with Co-IP assay using lysates 
that were transfected with FLAG-tagged TAZ-WT or TAZ-3CA alone or together with HA-tagged TAZ-WT 
(Fig. 4D). Next, since TAZ expresses only a single isoform in cells, we were able to test whether endogenous TAZ 
also form dimer in cells. When the whole cell lysates from H460 cells were run on non-reducing SDS-PAGE in the 
presence of increasing doses of DTT, the dimerization of endogenous TAZ (monomer: 50 kDa; dimer: 100 kDa) 

Figure 3. Importance of cysteine residue in dimerization of purified YAP2L. (A) YAP2L-C343A mutation loss 
the ability to form dimer of purified YAP2L, 1 µg of purified His-YAP2L-WT or -C343A mutants were run in 
non-reducing SDS-PAGE and blotted against anti-His-HRP antibody. (B) YAP2L-WT couldn’t form dimer 
under reducing condition, 1 µg of purified His-YAP2L-WT or -C343A mutants were run in reducing SDS-PAGE 
and blotted against anti-YAP antibody. (C and D) DTT treatment inhibit the dimerization of YAP2L-WT, 1 µg 
of purified His-YAP2L-WT or -C343A mutants were treated with 10 mM of DTT and run in non-reducing SDS-
PAGE and blotted against anti-His-HRP (C) or anti YAP (D) antibody respectively, ponceau-S-staining shows 
the amount of protein in membrane.
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was found decreased with increasing doses of DTT (Fig. 4E). We also further confirmed the dimerization of TAZ 
using purified GST-TAZ-WT or TAZ-3CA-GST. When 1 μg of purified TAZ-WT-GST or TAZ-3CA-GST were 
resolved by non-reducing SDS-PAGE, only GST-TAZ-WT showed a band exactly at the dimer size (TAZ-GST 
monomer: 77 kDa; dimer: 154 kDa) of TAZ, indicating that TAZ indeed form homodimer (Fig. 4F). To further 
confirmed the importance of cysteine residues of TAZ in its dimerization, 1 μg of purified GST-TAZ-WT or 
-TAZ-3CA were either treated or not treated with10 mM DTT and run on non-reducing SDS-PAGE. As expected, 
we found that DTT treatment abolished formation of TAZ-WT-GST dimer in vitro (Fig. 4F). In summary, all 
these results confirm that TAZ also formed homodimer through cysteine residues.

Disruption of YAP and TAZ dimerization reduces their stability. Since it is reported that the 
dimerization/oligomerizations of proteins increases their stability1, we examined whether the dimerization of 
YAP or TAZ increases their stability. As expected, when equal amount of FLAG-tagged YAP2L-WT/-C343A 
or TAZ-WT/-3CA plasmids were transfected into HEK293 cells, we found that the expression level of 
YAP2L-WT or TAZ-WT was always higher as compare to their corresponding cysteine mutants YAP2L-C343A 
or TAZ-3CA, respectively (Fig. 5A and B). To examine whether the reduced levels of cysteines mutants is 
due to their decreased turnover half-lives, we performed cycloheximide chase experiments. For these assays, 
FLAG-tagged-YAP2L-WT/-C343A or -TAZ-WT/-3CA plasmids were transfected in to HEK293 cells and after 24 
hr of transfection protein synthesis was inhibited by the addition of cycloheximide. The proteins were extracted at 
different time intervals as indicated and the expression of protein was examined by western blotting using reduc-
ing SDS-PAGE. Consistently, the results showed that cysteine mutants are degraded more rapidly by cyclohex-
imide treatment as compared to their corresponding wild type (Fig. 5C and D). Altogether, these results confirm 
that dimerization of YAP or TAZ increase their protein stability.

Figure 4. Dimerization of TAZ needs cysteine residues. (A) DTT treatment inhibit the dimerization of 
TAZ, 15 µg of protein lysates from FLAG-tagged-TAZ-WT,-C262A,-C320A,-C363A and-3CA overexpressed 
HEK293 cells were treated with 10 mM of DTT (Dithiothreitol) and separated by non-reducing SDS-PAGE 
and blotted against anti-FLAG antibody. (B) Mutation of all 3 cysteines of TAZ to alanine (TAZ-3CA) inhibit 
the dimerization of TAZ, protein lysates from FLAG-tagged-TAZ-WT or -TAZ-3CA overexpressed HEK293 
cells were separated by non- reducing SDS-PAGE and blotted against anti-FLAG antibody. (C) TAZ-3CA 
mutant abolish the in vitro dimerization of TAZ, GST-Pull down assay was carried out as mentioned above 
using FLAG-tagged-TAZ-WT and -TAZ-3CA overexpressed cell lysates from HEK293 cells. 5 µg of GST or 
TAZ-GST were used for pull down, immunoblotting was carried using anti-FLAG antibody. (D) Cysteines 
residues are important for in vivo dimerization of TAZ, CO-IP assay was carried out using the 200 µg of FLAG-
tagged-TAZ-WT or-TAZ-3CA and HA-TAZ-WT alone or together overexpressed cell lysate from HEK293 
cells. Anti-HA antibody was used for immunoprecipitation and immunoblotting was carried out using anti-
FLAG and anti-HA antibodies respectively. (E) Dimerization of endogenous TAZ, 30 µg of cell lysates from 
H460 NSCLC cell lines were treated with increasing concentration of DTT as indicated and immunoblotting 
was carried out using non reducing SDS-PAGE and anti-TAZ antibody. (F) Treatment of DTT disturbed the 
dimerization of purified TAZ, 1 µg of purified GST-TAZ-WT or -TAZ-3CA were treated/not treated with 
10 mM of DTT and were run in non-reducing SDS-PAGE and stained by Ponceau-S.
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Dimerization of YAP/TAZ increases their oncogenic function. Previous studies have already shown 
that overexpression of YAP increases the anchorage-independent growth of MCF10A cells49 and knockdown 
of TAZ in MCF-7 cells reduces the colony formation and tumorigenicity of TAZ50. Therefore, in order to check 
the functional differences between the stable and dimerized YAP/TAZ to their non-dimerized forms, first we 
performed colony formation assay using H460 cells stably expressing WPI vector, YAP2L-WT, YAP2L-C343A, 
TAZ-WT or TAZ-3CA (Fig. 6A). Interestingly, we found that YAP2L-WT and TAZ-WT overexpressed cells 
showed significantly higher numbers of colonies as compared to their cysteine mutants (Fig. 6B and C). These 
results were further verified by anchorage-independent cell transformation assay using H460 stable cell lines as 
used in Fig. 6B. As shown in Fig. 6B, YAP2L-WT and TAZ-WT overexpressed cell lines showed significantly 
higher numbers of colonies in soft agar as compared to YAP2L-C343A and TAZ-3CA mutant (Fig. 6D and E). All 
together, these results indicate that the homodimerized YAP and TAZ are more stable and showed more onco-
genic characteristics as compared to non-dimerized form.

Discussion
YAP and TAZ are the major downstream regulators of the Hippo signalling pathway and are involved in different 
oncogenic31,35,51–53, and pro-apoptotic functions54,55. Although there are tremendous amount of studies which 
showed the different mechanisms (e.g. phosphorylation, dephosphorylation, and ubiquitination) for regulation of 
YAP/TAZ functions27,41,56–58, whether they are also regulated due to structural changes is largely unknown. Here, 
we provide the first evidence that YAP and its paralog TAZ can form homodimer and subsequently increases their 
stability and oncogenic activity. Similar to our findings, previous studies have shown that MST1, an upstream 
component of Hippo signalling pathway, also undergoes dimerization44. Further studies showed that dimeriza-
tion of MST1 and MST2 are required for their kinase activity45,59,60. Most interestingly, recent studies showed that 
TAZ rather than YAP1 can form dimers that form heterotetramer with TEAD transcription factor, suggesting that 
TAZ dimer may interact with TEAD dimer to activate transcription61,62. Our findings give a detailed molecular 
mechanism of their observations (i.e. cysteine-mediated disulphide dimer formation; YAP2L rather than YAP1 
or YAP2 form dimers) and their functional significance (i.e. increase protein stability and transformation). Our 
studies lead to significant implication of further investigating whether other components of Hippo pathway such 
as MER, Expanded, Kibra, LATS1/2, TEAD, and MOB also form dimers and regulate their activities and down-
stream signalling pathways. Most significantly, we found that YAP/TAZ both form homodimer through cysteine 
residue(s) (Figs 1–4), while MST forms dimers through its SARAH and kinase domains45,60,63,64, suggesting that 
different Hippo components may be dimerized and regulated in distinct ways. Therefore identification of novel 
mechanisms or motifs which help in YAP/TAZ dimerization will definitely provide a significant contribution in 
cancer biology.

YAP was first identified as a proline-rich phosphoprotein bound to the SH3 domain of Yes and Src protein 
tyrosine kinases65. There are eight isoforms of YAP protein in humans, which are distinguish from each other 
either by WW domain or activation domain46,66. Since many functional domains are overlapping in different 
YAP isoforms and most of the commercially available YAP antibodies cannot detect all of the isoforms, they can 
be only identified by qRT-PCR of their mRNAs. Therefore, the abundance and distinct functions of each YAP 

Figure 5. Dimerization of YAP/TAZ increases their stability. (A and B) low expression of YAP/TAZ cysteines 
mutants, HEK293 cells were transfected with equal amount of FLAG-tagged-YAP2L-WT or,-YAP2L-C343A 
(A), -TAZ-WT or-TAZ3CA (B) separately and western blotting was performed to check the expression of 
different proteins. (C and D) less stability of YAP/TAZ cysteine mutants, HEK293 cells were transfected with 
equal amount of FLAG-tagged-YAP2L-WT or,-YAP2L-C343A (C), -TAZ-WT or-TAZ3CA (D) separately 
and after 24 hrs, cells were treated with 100 µg/ml cycloheximide and proteins were extracted at different time 
intervals as indicated in figure. Western blotting was carried out to check the expression of proteins.
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isoform are still largely unknown. Currently, three isoforms of YAP named YAP1, YAP2, and YAP2L have been 
used in most of the previous studies (Fig. 1A)41,67. YAP2 (also known as Yap1–2 gamma; Uniprot code: P46937–1) 
contains an extra WW domain than YAP1 (also named Yap1–1 gamma; Uniprot code: P46937–6). Although 
the exact functional difference between YAP1 and YAP2 has not been clearly elucidated, some differences have 
been reported. For example, YAP2 is considered as the canonical sequence of YAP is shown to be predominantly 
expressed in neural tissues68. In addition, YAP2 rather than YAP1 was shown to interact with p7369 and AMOTL1 
(Angiomotin-Like-1)55. Moreover, YAP2 has been described to be a more potent transcriptional co-activator 
of ErbB-4 than YAP168. However, the molecular mechanism underlying distinct function of YAP1 and YAP2 is 
unclear. Recent structural studies suggest that different selectivity of WW domains (WW1 vs WW2 in YAP2) may 
cause differential binding of YAP1 and YAP2 to their interacting proteins such as p7370.

Until now, the function of YAP2L remains elusive. YAP2L contains an extra AMRNINPSTANSPKCQ-amino 
acid motif than YAP2 (Fig. 1A). Interestingly, our results showed that the cysteine residue C343 in this extra 
motif is critical for dimerization of YAP2L both in vitro and in vivo (Fig. 3). Interestingly, we also noticed that 
YAP2L can form trimer and tetramers in vitro rather than in vivo in cells (Fig. 3). It has been suggested that 
although many proteins such as ASK1, PKA/G, and ATM can form dimers by forming disulphide bond through 
cysteine reside71, cells mostly contains a reducing condition which inhibits dimerization of molecules through 
disulphide bond formation72. It is possible that the condition for the formation of oligomers is more stringent 
than that of dimers. Therefore, they cannot form a high-order complex in more reducing condition in cells in 
vivo. Intriguingly, YAP paralog TAZ can only form dimers rather than oligomers through under non-reducing 
conditions in vitro with purified TAZ-GST (Fig. 4F) and in vivo with overexpressed TAZ (Fig. 4A–D) or endoge-
nous TAZ (Fig. 4E). It is possible that all 3 cysteine residues are required for TAZ dimer formation, which limits 
its formation of high-order oligomer structure. Since cysteine residues are also important for the formation of 
heterodimers of a protein with other proteins, it will be very interesting to further explore how cysteine residues 
of YAP2L/TAZ interact with other proteins in signalling transduction. A proteomic screen using YAP-2L and 
YAP-C343A or TAZ and TAZ-3CA may identify novel cysteine-specific binding partners of YAP2L and TAZ and 
will provide a more comprehensive understanding the roles of YAP2L and TAZ in cancers in the future.

Figure 6. Dimerized YAP/TAZ are more oncogenic than their corresponding monomers. (A) Expression 
level of YAP2L-WT/C343A and TAZ-WT/TAZ-3CA in H460 stable cell lines. (B and C) Colony formation 
assay using different stable H460 cell lines. In brief 500 cells/plate of H460-WPI,-HA-YAP2L-WT,-HA-YAP2L-
C343A,-HA-TAZ-WT or -HA-TAZ-3CA stable H460 cell lines were plated separately in 60 mm plates in 
triplicate. The media was refreshed at every 3–4 days. After 10 days, staining and analysis of colony was done as 
described as in experimental procedures and colony numbers were counted by Bio-Rad Gel Doc System (Bio-
Rad, Mississauga, Canada). Data are shown as means ± S.D. “*” Represent significant difference (P < 0.05) in 
t-test. (D and E) Soft Agar Assay was performed as described as in experimental procedures. In brief, 2 × 103 
H460-WPI, -YAP-WT,-YAP-C343A, -TAZ-WT and -TAZ-3CA -H460 stable cells were plated for soft agar 
in 6-well plates (triplicate). Colony formation was examined after culturing for 12 days. The average colony 
number was calculated and the colonies from 3 separate experiments were photographed. Bars represent 
means ± S.D. “*” Represent significant difference (P < 0.05) in t-test.
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Many studies have already shown that post-translational modulation of YAP and TAZ play important 
roles in the regulation of their stability, activity and function73. It has been shown that YAP/TAZ can be reg-
ulated post-translationally by phosphorylation/dephosphorylation41,42,74–80, acetylation81, and ubiquitinastion/
deubiquitination27,42,82, sumoylation83, and methylation84. Therefore, identification and characterization of 
post-translational modification of YAP/TAZ is very important for comprehensive understanding of their func-
tions in cancer. Recent evidence suggests that cysteine residue can also undergo many types of post-translational 
modifications such as sulfhydration, S-Nitrosylation, S-Glutathionylation, and sulfenylation (SOH) and forma-
tion of disulfide bonds in the presence of reactive oxygen and nitrogen species (ROS and NOS), which results in 
different changes in the behaviour of cells85. Recently, it has been shown that the cysteine residues on TAZ can be 
S-Glutathionylated in the presence of oxidative stress ROS, which increases the stability and activates the tran-
scriptional activity of TAZ86. Therefore, it is possible that oxidative stress may regulate TAZ or YAP2L stability 
and function by enhancing their dimerization through post-translational modification of cysteine residues. Since 
cysteine modification and redox system play important roles in cell signalling and various biological functions 
such as tumorigenesis and drug resistance87–89, it will very interesting to further explore how YAP2L/TAZ is mod-
ulated through cysteine in these biological processes.

We also realized that due to reducing condition in human cells, YAP2L and TAZ dimers only account for 
approximately 20–30% of total YAP2L/TAZ in cells (Figs 2A, 4B,E). This may be why moderate effects were 
observed when dimers were disrupted by cysteine(s) mutations in YAP2L/TAZ (Fig. 6). However, the proportion 
of YAP2L/TAZ will be significantly increased under redox stress condition due to post-translational modulation 
of cysteine residues in YAP2L/TAZ. It will be very interesting to further explore how dimerization of YAP2L/TAZ 
is regulated under various stress conditions.

Taken together, we have identified a novel mechanism of YAP2L/TAZ dimerization through disulphide bond 
formation of cysteine residues. We have shown that dimerization of YAP2L/TAZ play important roles in the reg-
ulation of their stability and oncogenic function. Further studies on the detail mechanisms and functional effect 
of this dimerization through post-translational modulation of cysteine residues in YAP2L/TAZ under various 
conditions will provide a significant contribution to our understanding of the roles of YAP2L/TAZ in cancer 
development and therapy.

Experimental Procedures
Plasmids construction and Transfection. Plasmids construction and site-directed mutagenesis were 
performed as described previously41. Full length cDNAs of human YAP1α (accession number NM_006106.4), 
YAP2α (accession number NM_001195044.1), YAP2γ/YAP2L (accession number NM_001130145.2), TAZ 
(accession number NM_001168278.2) and cysteine mutants of YAP2L or TAZ were subcloned into pcD-
NA3.1-hygro-3xFLAG, pcDNA3-HA, pGEX4T-1, HA-tagged WPI lentiviral vector or pET-23b (+) vectors, 
respectively. Transfections of plasmids into cells were carried out by using PolyJetTM (SignaGen) according to the 
manufacturer’s protocol.

Cell culture. Dulbecco’s modified eagle medium (DMEM), roswell park memorial institute-1640 (RPMI-
1640) (1×), and fetal bovine serum (FBS) were purchased from Invitrogen (Carlsbad, CA). HEK293 (human 
embryonic kidney cells) were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM; Sigma, #D6429) supple-
mented with 10% fetal bovine serum and 1% penicillin/streptomycin (P/S) (Invitrogen). H460 (human NSCLC 
cells) were maintained in RPMI- 1640 medium (Sigma, #8758) containing 10% FBS and 1% P/S supplemented 
with Sodium Pyruvate (1 mM), HEPES (10 mM) and Glucose (2.5 mg/ml). Cells were cultured at 37 °C in humid-
ified air containing 5% CO2.

Lentivirus production, infection and establishment of stable cell lines. Lentivirus production and 
concentration were carried out as described before90. For infection of H460 cells with lentivirus, 2 × 105 cells were 
plated into each well of a 6-well plate. After 24 hrs of plating cells were infected with WPI, WPI-HA-YAP-WT, 
and WPI-HA-YAP-C343A, WPI-HA-TAZ-WT or WPI-HA-TAZ-3CA (C262A, C320A, C363A) lentivirus 
respectively using 8 µg/ml of Polybrene in each well. 24 hrs after infection, cells were selected with 200 µg/mL 
Hygromycin B. The expression of respective genes was confirmed by western blot using anti-HA antibody.

Fusion protein production and GST-pull-down assays. GST fusion proteins were produced and puri-
fied as described previously91. For Purification of His-Tag protein, YAP2L-WT and YAP2L-C343A cloned in pET-
23b (+) vectors were transformed into BL21 (RIPL) competent cells. The proteins were induced by incubating the 
medium containing bacteria with 1 mM isopropyl β-D-thiogalactoside (IPTG) for overnight at 20 °C, and were 
subsequently purified by passing the bacterial lysate through HisTrap HP histidine-tagged protein purification 
columns. For GST-pull down assays, 200 µg of respective protein lysates were pre-cleared overnight at 4 °C with 
20 µL glutathione sepharose 4B beads. Next day, 5 µg of appropriate GST or GST fusion proteins were added to 
the corresponding supernatants and incubated at 4 °C for 2 hr. 20 µL of 50% GSB was then added and further 
incubated for 1hr. After this, beads were washed four times with lysis buffer (50 mM Tris-HCl pH 7.4, 150 mM 
NaCl, 1 mM EDTA and 1.0% Nonidet P-40) and 2xSDS sample buffer was added to beads and boiled for 10 mins 
and centrifuged. The supernatants were run on SDS-PAGE and blotted with respective antibodies.

Antibodies and reagents. Antibodies against YAP and HA-F7 were purchased from Santa Cruz 
Biotechnology (Santa Cruz, CA). Anti–FLAG-M2 and β-actin antibodies were from Sigma Aldrich. TAZ anti-
body was from BD Transduction Laboratories. Anti-His-HRP antibody was obtained from Miltenyi Biotec Inc. 
Restriction enzymes for cloning were purchased from NEB (New England Bio lab). HisTrap™ and GSTrap™ Fast 
Flow columns were from GE Healthcare. Protein G/A-Agarose was purchased from Roche Diagonistics.
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Anchorage-independent cell transformation assay. Soft agar assay was performed as described 
before41. Briefly, triplicates of different H460 stable cells (2 × 103) were mixed with complete growth media con-
taining 0.4% agarose and then plated over 0.8% agarose in each well of 6-well plates. After 24 hr, 1 ml of complete 
growth medium with 50 μg/ml of Hygromycin B was added to each well. Culture media was refreshed at every 
3 days. The cultures were maintained at 37 °C in a 5% CO2 incubator for 15 days and colonies were stained 
with 0.005% crystal violet in 20% methanol. Pictures were taken by using Bio-Rad Gel Doc System (Bio-Rad, 
Mississauga, Canada) and colonies were quantified by colony count program in Quantity One software. Data 
from soft agar assays were statistically analyzed using unpaired t-tests, and P values < 0.05 were considered 
significant.

Colony formation assay. Triplicate of different H460 stable cell lines were plated in 6-well plates (500 
cells/plate) in triplicate. The cells were incubated at 37 °C in humidified air containing 5% CO2. The media was 
refreshed at every 3–4 days. After 12 days, the colonies were fixed with 95% methanol and stained with 0.5% crys-
tal violet in 20% methanol. Colonies were counted and quantified as described above.

Immunoblotting and Co-immunoprecipitation (CO-IP). Immunoblotting and CO-IP was carried 
out as described previously41. In brief cells grown to 70% to 80% confluency were harvested in RIPA/1%-NP40 
lysis buffer. Protein samples were subjected to SDS-PAGE and immunoblotted with respective antibod-
ies using standard protocol. To check dimerization of YAP/TAZ, 15 μg of cell lysate or 1 μg of purified 
His-YAP-WT/-YAP-C343A or GST-TAZ-WT/-TAZ-3CA were mixed with 2 μl of 5xSDS sample buffer with/
without DTT and boiled for 3 min at 60 °C and subjected to SDS-PAGE and immunoblotted with respective 
antibodies. For co-immunoprecipitation, cells expressing different genes were harvested in 1% NP-40 lysis buffer. 
After checking the expression of different proteins, equal amounts of protein were precleared overnight at 4 °C 
using Protein-A/G-agarose. Then the supernatant were subjected to immunoprecipitation using anti-HA-F7/
FLAG-M2 antibody for 2 hr at 4 °C. After 2hr, 20 μl of protein- A/G-agarose was added for another 1 hr and beads 
were washed with 150mM-Nacl-1% NP-40 lysis buffer. Then 20 μl of 2xSDS sample buffer was added to beads 
and boiled for 10 mins and centrifuged. The supernatants were run in SDS-PAGE and blotted with respective 
antibodies.

References
 1. Marianayagam, N. J., Sunde, M. & Matthews, J. M. The power of two: protein dimerization in biology. Trends Biochem Sci 29, 

618–625, doi:S0968-0004(04)00234-8 (2004).
 2. Wedemeyer, W. J., Welker, E., Narayan, M. & Scheraga, H. A. Disulfide bonds and protein folding. Biochemistry 39, 4207–4216, 

doi:bi992922o (2000).
 3. Landschulz, W. H., Johnson, P. F. & McKnight, S. L. The leucine zipper: a hypothetical structure common to a new class of DNA 

binding proteins. Science 240, 1759–1764 (1988).
 4. Turner, R. & Tjian, R. Leucine repeats and an adjacent DNA binding domain mediate the formation of functional cFos-cJun 

heterodimers. Science 243, 1689–1694 (1989).
 5. Murre, C., McCaw, P. S. & Baltimore, D. A new DNA binding and dimerization motif in immunoglobulin enhancer binding, 

daughterless, MyoD, and myc proteins. Cell 56, 777–783, doi:0092-8674(89) (1989).
 6. Blank, V., Kourilsky, P. & Israel, A. NF-kappa B and related proteins: Rel/dorsal homologies meet ankyrin-like repeats. Trends 

Biochem Sci 17, 135–140, doi:0968-0004(92) (1992).
 7. Huang, Z. J., Edery, I. & Rosbash, M. PAS is a dimerization domain common to Drosophila period and several transcription factors. 

Nature 364, 259–262, https://doi.org/10.1038/364259a0 (1993).
 8. Romano, C., Yang, W. L. & O’Malley, K. L. Metabotropic glutamate receptor 5 is a disulfide-linked dimer. J Biol Chem 271, 

28612–28616 (1996).
 9. Renatus, M., Stennicke, H. R., Scott, F. L., Liddington, R. C. & Salvesen, G. S. Dimer formation drives the activation of the cell death 

protease caspase 9. Proc Natl Acad Sci USA 98, 14250–14255, https://doi.org/10.1073/pnas.231465798 (2001).
 10. Messaritou, G., Grammenoudi, S. & Skoulakis, E. M. Dimerization is essential for 14-3-3zeta stability and function in vivo. J Biol 

Chem 285, 1692–1700, https://doi.org/10.1074/jbc.M109.045989 (2010).
 11. Agre, P. & Kozono, D. Aquaporin water channels: molecular mechanisms for human diseases. FEBS Lett 555, 72–78, 

doi:S0014579303 (2003).
 12. MacKinnon, R. Potassium channels. FEBS Lett 555, 62–65, doi:S0014579303 (2003).
 13. Pingoud, A. & Jeltsch, A. Structure and function of type II restriction endonucleases. Nucleic Acids Res 29, 3705–3727 (2001).
 14. Beckett, D. Regulated assembly of transcription factors and control of transcription initiation. J Mol Biol 314, 335–352, https://doi.

org/10.1006/jmbi.2001.5134 (2001).
 15. Angel, P. & Karin, M. The role of Jun, Fos and the AP-1 complex in cell-proliferation and transformation. Biochim Biophys Acta 1072, 

129–157, doi:0304-419X(91)90011-9 (1991).
 16. Heinrich, R., Livne, E., Ben-Izhak, O. & Aronheim, A. The c-Jun dimerization protein 2 inhibits cell transformation and acts as a 

tumor suppressor gene. J Biol Chem 279, 5708–5715, https://doi.org/10.1074/jbc.M307608200 (2004).
 17. Yu, F. X. & Guan, K. L. The Hippo pathway: regulators and regulations. Genes Dev 27, 355–371, https://doi.org/10.1101/

gad.210773.112 (2013).
 18. Johnson, R. & Halder, G. The two faces of Hippo: targeting the Hippo pathway for regenerative medicine and cancer treatment. Nat 

Rev Drug Discov 13, 63–79, https://doi.org/10.1038/nrd4161 (2014).
 19. Mo, J. S., Park, H. W. & Guan, K. L. The Hippo signaling pathway in stem cell biology and cancer. EMBO Rep 15, 642–656, https://

doi.org/10.15252/embr.201438638 (2014).
 20. Zhao, B., Tumaneng, K. & Guan, K. L. The Hippo pathway in organ size control, tissue regeneration and stem cell self-renewal. Nat 

Cell Biol 13, 877–883, https://doi.org/10.1038/ncb2303 (2011).
 21. Zhao, Y. & Yang, X. The Hippo pathway in chemotherapeutic drug resistance. Int J Cancer 137, 2767–2773, https://doi.org/10.1002/

ijc.29293 (2015).
 22. Visser, S. & Yang, X. LATS tumor suppressor: a new governor of cellular homeostasis. Cell Cycle 9, 3892–3903, doi:13386 (2010).
 23. Lai, D., Ho, K. C., Hao, Y. & Yang, X. Taxol resistance in breast cancer cells is mediated by the hippo pathway component TAZ and 

its downstream transcriptional targets Cyr61 and CTGF. Cancer Res 71, 2728–2738, https://doi.org/10.1158/0008-5472.CAN-10-
2711 (2011).

 24. Xu, T., Wang, W., Zhang, S., Stewart, R. A. & Yu, W. Identifying tumor suppressors in genetic mosaics: the Drosophila lats gene 
encodes a putative protein kinase. Development 121, 1053–1063 (1995).

http://dx.doi.org/10.1038/364259a0
http://dx.doi.org/10.1073/pnas.231465798
http://dx.doi.org/10.1074/jbc.M109.045989
http://dx.doi.org/10.1006/jmbi.2001.5134
http://dx.doi.org/10.1006/jmbi.2001.5134
http://dx.doi.org/10.1074/jbc.M307608200
http://dx.doi.org/10.1101/gad.210773.112
http://dx.doi.org/10.1101/gad.210773.112
http://dx.doi.org/10.1038/nrd4161
http://dx.doi.org/10.15252/embr.201438638
http://dx.doi.org/10.15252/embr.201438638
http://dx.doi.org/10.1038/ncb2303
http://dx.doi.org/10.1002/ijc.29293
http://dx.doi.org/10.1002/ijc.29293
http://dx.doi.org/10.1158/0008-5472.CAN-10-2711
http://dx.doi.org/10.1158/0008-5472.CAN-10-2711


www.nature.com/scientificreports/

1 0SCientifiC REPORts |  (2018) 8:3485  | DOI:10.1038/s41598-018-21828-6

 25. Dong, J. et al. Elucidation of a universal size-control mechanism in Drosophila and mammals. Cell 130, 1120–1133, 
doi:S0092-8674(07)00956-7 (2007).

 26. Yeung, B., Yu, J. & Yang, X. Roles of the Hippo pathway in lung development and tumorigenesis. Int J Cancer 138, 533–539, https://
doi.org/10.1002/ijc.29457 (2016).

 27. Zhao, B., Li, L., Tumaneng, K., Wang, C. Y. & Guan, K. L. A coordinated phosphorylation by Lats and CK1 regulates YAP stability 
through SCF(beta-TRCP). Genes Dev 24, 72–85, https://doi.org/10.1101/gad.1843810 (2010).

 28. Pan, D. The hippo signaling pathway in development and cancer. Dev Cell 19, 491–505, https://doi.org/10.1016/j.devcel.2010.09.011 
(2010).

 29. Wang, Y., Yu, A. & Yu, F. X. The Hippo pathway in tissue homeostasis and regeneration. Protein Cell 8, 349–359, https://doi.
org/10.1007/s13238-017-0371-010.1007/s13238-017-0371-0 (2017).

 30. Moya, I. M. & Halder, G. The Hippo pathway in cellular reprogramming and regeneration of different organs. Curr Opin Cell Biol 
43, 62–68, doi:S0955-0674(16) (2016).

 31. Moroishi, T., Hansen, C. G. & Guan, K. L. The emerging roles of YAP and TAZ in cancer. Nat Rev Cancer 15, 73–79, https://doi.
org/10.1038/nrc3876 (2015).

 32. Harvey, K. F., Pfleger, C. M. & Hariharan, I. K. The Drosophila Mst ortholog, hippo, restricts growth and cell proliferation and 
promotes apoptosis. Cell 114, 457–467, doi:S0092867403005579 (2003).

 33. Lai, Z. C. et al. Control of cell proliferation and apoptosis by mob as tumor suppressor, mats. Cell 120, 675–685, doi:S0092-8674(05) 
(2005).

 34. Tapon, N. et al. Salvador Promotes both cell cycle exit and apoptosis in Drosophila and is mutated in human cancer cell lines. Cell 
110, 467–478, doi:S0092867402008243 (2002).

 35. Huang, J., Wu, S., Barrera, J., Matthews, K. & Pan, D. The Hippo signaling pathway coordinately regulates cell proliferation and 
apoptosis by inactivating Yorkie, the Drosophila Homolog of YAP. Cell 122, 421–434, https://doi.org/10.1016/j.cell.2005.06.007 
(2005).

 36. Lei, Q. Y. et al. TAZ promotes cell proliferation and epithelial-mesenchymal transition and is inhibited by the hippo pathway. Mol 
Cell Biol 28, 2426–2436, https://doi.org/10.1128/MCB.01874 (2008).

 37. Lai, D. & Yang, X. BMP4 is a novel transcriptional target and mediator of mammary cell migration downstream of the Hippo 
pathway component TAZ. Cell Signal 25, 1720–1728, https://doi.org/10.1016/j.cellsig.2013.05.002 (2013).

 38. Varelas, X. et al. TAZ controls Smad nucleocytoplasmic shuttling and regulates human embryonic stem-cell self-renewal. Nat Cell 
Biol 10, 837–848, https://doi.org/10.1038/ncb1748 (2008).

 39. Zhang, H. et al. TEAD transcription factors mediate the function of TAZ in cell growth and epithelial-mesenchymal transition. J Biol 
Chem 284, 13355–13362, https://doi.org/10.1074/jbc.M900843200 (2009).

 40. Zhao, B., Lei, Q. & Guan, K. L. Mst out and HCC in. Cancer Cell 16, 363–364, https://doi.org/10.1016/j.ccr.2009.10.00
8S1535-6108(09) (2009).

 41. Hao, Y., Chun, A., Cheung, K., Rashidi, B. & Yang, X. Tumor suppressor LATS1 is a negative regulator of oncogene YAP. J Biol Chem 
283, 5496–5509, doi:M709037200 (2008).

 42. Liu, C. Y. et al. The hippo tumor pathway promotes TAZ degradation by phosphorylating a phosphodegron and recruiting the 
SCF{beta}-TrCP E3 ligase. J Biol Chem 285, 37159–37169, https://doi.org/10.1074/jbc.M110.152942 (2010).

 43. Liu, C. Y. et al. PP1 cooperates with ASPP2 to dephosphorylate and activate TAZ. J Biol Chem 286, 5558–5566, https://doi.
org/10.1074/jbc.M110.194019 (2011).

 44. Creasy, C. L., Ambrose, D. M. & Chernoff, J. The Ste20-like protein kinase, Mst1, dimerizes and contains an inhibitory domain. J Biol 
Chem 271, 21049–21053 (1996).

 45. Lee, K. K. & Yonehara, S. Phosphorylation and dimerization regulate nucleocytoplasmic shuttling of mammalian STE20-like kinase 
(MST). J Biol Chem 277, 12351–12358, https://doi.org/10.1074/jbc.M108138200 (2002).

 46. Gaffney, C. J. et al. Identification, basic characterization and evolutionary analysis of differentially spliced mRNA isoforms of human 
YAP1 gene. Gene 509, 215–222, https://doi.org/10.1016/j.gene.2012.08.025S0378-1119(12) (2012).

 47. Kanai, F. et al. TAZ: a novel transcriptional co-activator regulated by interactions with 14-3-3 and PDZ domain proteins. EMBO J 
19, 6778–6791, https://doi.org/10.1093/emboj/19.24.6778 (2000).

 48. Guo, X. & Zhao, B. Integration of mechanical and chemical signals by YAP and TAZ transcription coactivators. Cell Biosci 3, 33, 
https://doi.org/10.1186/2045-3701-3-33 (2013).

 49. Overholtzer, M. et al. Transforming properties of YAP, a candidate oncogene on the chromosome 11q22 amplicon. Proc Natl Acad 
Sci USA 103, 12405–12410, doi:0605579103.pnas.0605579103 (2006).

 50. Chan, S. W. et al. A role for TAZ in migration, invasion, and tumorigenesis of breast cancer cells. Cancer Res 68, 2592–2598, https://
doi.org/10.1158/0008-5472.CAN-07-2696 (2008).

 51. Sudol, M., Shields, D. C. & Farooq, A. Structures of YAP protein domains reveal promising targets for development of new cancer 
drugs. Semin Cell Dev Biol 23, 827–833, https://doi.org/10.1016/j.semcdb.2012.05.002S1084-9521(12) (2012).

 52. Piccolo, S., Dupont, S. & Cordenonsi, M. The biology of YAP/TAZ: hippo signaling and beyond. Physiol Rev 94, 1287–1312, https://
doi.org/10.1152/physrev.00005.2014 (2014).

 53. Hong, A. W., Meng, Z. & Guan, K. L. The Hippo pathway in intestinal regeneration and disease. Nat Rev Gastroenterol Hepatol 13, 
324–337, https://doi.org/10.1038/nrgastro.2016.59 (2016).

 54. Yuan, M. et al. Yes-associated protein (YAP) functions as a tumor suppressor in breast. Cell Death Differ 15, 1752–1759, https://doi.
org/10.1038/cdd.2008.108 (2008).

 55. Oka, T., Schmitt, A. P. & Sudol, M. Opposing roles of angiomotin-like-1 and zona occludens-2 on pro-apoptotic function of YAP. 
Oncogene 31, 128–134, https://doi.org/10.1038/onc.2011.216 (2012).

 56. Barry, E. R. & Camargo, F. D. The Hippo superhighway: signaling crossroads converging on the Hippo/Yap pathway in stem cells and 
development. Curr Opin Cell Biol 25, 247–253, https://doi.org/10.1016/j.ceb.2012.12.006 (2013).

 57. Yu, F. X. et al. Regulation of the Hippo-YAP pathway by G-protein-coupled receptor signaling. Cell 150, 780–791, https://doi.
org/10.1016/j.cell.2012.06.037 (2012).

 58. Moroishi, T. et al. A YAP/TAZ-induced feedback mechanism regulates Hippo pathway homeostasis. Genes Dev 29, 1271–1284, 
https://doi.org/10.1101/gad.262816.115 (2015).

 59. Anand, R., Kim, A. Y., Brent, M. & Marmorstein, R. Biochemical analysis of MST1 kinase: elucidation of a C-terminal regulatory 
region. Biochemistry 47, 6719–6726, https://doi.org/10.1021/bi800309m (2008).

 60. Ni, L. et al. Structural basis for autoactivation of human Mst2 kinase and its regulation by RASSF5. Structure 21, 1757–1768, https://
doi.org/10.1016/j.str.2013.07.008,S0969-2126(13)00258-X (2013).

 61. Murakami, M., Nakagawa, M., Olson, E. N. & Nakagawa, O. A WW domain protein TAZ is a critical coactivator for TBX5, a 
transcription factor implicated in Holt-Oram syndrome. Proc Natl Acad Sci USA 102, 18034–18039, https://doi.org/10.1073/
pnas.0509109102 (2005).

 62. Kaan, H. Y. K. et al. Crystal structure of TAZ-TEAD complex reveals a distinct interaction mode from that of YAP-TEAD complex. 
Sci Rep 7, 2035, https://doi.org/10.1038/s41598-017-02219-9 (2017).

 63. Hwang, E. et al. Structural insight into dimeric interaction of the SARAH domains from Mst1 and RASSF family proteins in the 
apoptosis pathway. Proc Natl Acad Sci USA 104, 9236–9241, https://doi.org/10.1073/pnas.0610716104 (2007).

http://dx.doi.org/10.1002/ijc.29457
http://dx.doi.org/10.1002/ijc.29457
http://dx.doi.org/10.1101/gad.1843810
http://dx.doi.org/10.1016/j.devcel.2010.09.011
http://dx.doi.org/10.1007/s13238-017-0371-010.1007/s13238-017-0371-0
http://dx.doi.org/10.1007/s13238-017-0371-010.1007/s13238-017-0371-0
http://dx.doi.org/10.1038/nrc3876
http://dx.doi.org/10.1038/nrc3876
http://dx.doi.org/10.1016/j.cell.2005.06.007
http://dx.doi.org/10.1128/MCB.01874
http://dx.doi.org/10.1016/j.cellsig.2013.05.002
http://dx.doi.org/10.1038/ncb1748
http://dx.doi.org/10.1074/jbc.M900843200
http://dx.doi.org/10.1016/j.ccr.2009.10.008S1535-6108(09)
http://dx.doi.org/10.1016/j.ccr.2009.10.008S1535-6108(09)
http://dx.doi.org/10.1074/jbc.M110.152942
http://dx.doi.org/10.1074/jbc.M110.194019
http://dx.doi.org/10.1074/jbc.M110.194019
http://dx.doi.org/10.1074/jbc.M108138200
http://dx.doi.org/10.1016/j.gene.2012.08.025S0378-1119(12)
http://dx.doi.org/10.1093/emboj/19.24.6778
http://dx.doi.org/10.1186/2045-3701-3-33
http://dx.doi.org/10.1158/0008-5472.CAN-07-2696
http://dx.doi.org/10.1158/0008-5472.CAN-07-2696
http://dx.doi.org/10.1016/j.semcdb.2012.05.002S1084-9521(12)
http://dx.doi.org/10.1152/physrev.00005.2014
http://dx.doi.org/10.1152/physrev.00005.2014
http://dx.doi.org/10.1038/nrgastro.2016.59
http://dx.doi.org/10.1038/cdd.2008.108
http://dx.doi.org/10.1038/cdd.2008.108
http://dx.doi.org/10.1038/onc.2011.216
http://dx.doi.org/10.1016/j.ceb.2012.12.006
http://dx.doi.org/10.1016/j.cell.2012.06.037
http://dx.doi.org/10.1016/j.cell.2012.06.037
http://dx.doi.org/10.1101/gad.262816.115
http://dx.doi.org/10.1021/bi800309m
http://dx.doi.org/10.1016/j.str.2013.07.008,S0969-2126(13)00258-X
http://dx.doi.org/10.1016/j.str.2013.07.008,S0969-2126(13)00258-X
http://dx.doi.org/10.1073/pnas.0509109102
http://dx.doi.org/10.1073/pnas.0509109102
http://dx.doi.org/10.1038/s41598-017-02219-9
http://dx.doi.org/10.1073/pnas.0610716104


www.nature.com/scientificreports/

1 1SCientifiC REPORts |  (2018) 8:3485  | DOI:10.1038/s41598-018-21828-6

 64. Hwang, E. et al. Structural basis of the heterodimerization of the MST and RASSF SARAH domains in the Hippo signalling pathway. 
Acta Crystallogr D Biol Crystallogr 70, 1944–1953, https://doi.org/10.1107/S139900471400947X (2014).

 65. Sudol, M. Yes-associated protein (YAP65) is a proline-rich phosphoprotein that binds to the SH3 domain of the Yes proto-oncogene 
product. Oncogene 9, 2145–2152 (1994).

 66. Sudol, M. et al. Characterization of the mammalian YAP (Yes-associated protein) gene and its role in defining a novel protein 
module, the WW domain. J Biol Chem 270, 14733–14741 (1995).

 67. Sudol, M. YAP1 oncogene and its eight isoforms. Oncogene 32, 3922, https://doi.org/10.1038/onc.2012.520 (2013).
 68. Komuro, A., Nagai, M., Navin, N. E. & Sudol, M. WW domain-containing protein YAP associates with ErbB-4 and acts as a co-

transcriptional activator for the carboxyl-terminal fragment of ErbB-4 that translocates to the nucleus. J Biol Chem 278, 
33334–33341, https://doi.org/10.1074/jbc.M305597200 (2003).

 69. Oka, T., Mazack, V. & Sudol, M. Mst2 and Lats kinases regulate apoptotic function of Yes kinase-associated protein (YAP). J Biol 
Chem 283, 27534–27546, https://doi.org/10.1074/jbc.M804380200,M804380200 (2008).

 70. Iglesias-Bexiga, M. et al. WW domains of the yes-kinase-associated-protein (YAP) transcriptional regulator behave as independent 
units with different binding preferences for PPxY motif-containing ligands. PLoS One 10, e0113828, https://doi.org/10.1371/journal.
pone.0113828 (2015).

 71. Putker, M., Vos, H. R. & Dansen, T. B. Intermolecular disulfide-dependent redox signalling. Biochem Soc Trans 42, 971–978, https://
doi.org/10.1042/BST20140097 (2014).

 72. Finkel, T. Signal transduction by reactive oxygen species. J Cell Biol 194, 7–15, https://doi.org/10.1083/jcb.201102095 (2011).
 73. He, M. et al. New insights into posttranslational modifications of Hippo pathway in carcinogenesis and therapeutics. Cell Div 11(4), 

13, https://doi.org/10.1186/s13008-016-0013-6 (2016).
 74. Zhao, B. et al. Inactivation of YAP oncoprotein by the Hippo pathway is involved in cell contact inhibition and tissue growth control. 

Genes Dev 21, 2747–2761, https://doi.org/10.1101/gad.1602907 (2007).
 75. Rosenbluh, J. et al. beta-Catenin-driven cancers require a YAP1 transcriptional complex for survival and tumorigenesis. Cell 151, 

1457–1473, https://doi.org/10.1016/j.cell.2012.11.026, S0092-8674(12)01411-0 [pii] (2012).
 76. Wang, W. et al. PTPN14 is required for the density-dependent control of YAP1. Genes Dev 26, 1959–1971, https://doi.org/10.1101/

gad.192955.112 (2012).
 77. Keshet, R. et al. c-Abl antagonizes the YAP oncogenic function. Cell Death Differ 22, 935–945, https://doi.org/10.1038/cdd.2014.182 

(2015).
 78. Zhao, Y. et al. YAP-induced resistance of cancer cells to antitubulin drugs is modulated by a Hippo-independent pathway. Cancer 

Res 74, 4493-4503, https://doi.org/10.1158/0008-5472.CAN-13-2712, 0008-5472 (2014).
 79. Zhao, Y. & Yang, X. Regulation of sensitivity of tumor cells to antitubulin drugs by Cdk1-TAZ signalling. Oncotarget 6, 21906–21917, 

https://doi.org/10.18632/oncotarget.4259 (2015).
 80. Hong, A. W. et al. Osmotic stress-induced phosphorylation by NLK at Ser128 activates YAP. EMBO Rep 18, 72–86, https://doi.

org/10.15252/embr.201642681 (2017).
 81. Hata, S. et al. A novel acetylation cycle of transcription co-activator Yes-associated protein that is downstream of Hippo pathway is 

triggered in response to SN2 alkylating agents. J Biol Chem 287, 22089–22098, https://doi.org/10.1074/jbc.M111.334714 (2012).
 82. Kim, Y. et al. Deubiquitinase YOD1 potentiates YAP/TAZ activities through enhancing ITCH stability. Proc Natl Acad Sci USA 114, 

4691–4696, https://doi.org/10.1073/pnas.1620306114 (2017).
 83. Lapi, E. et al. PML, YAP, and p73 are components of a proapoptotic autoregulatory feedback loop. Mol Cell 32, 803–814, https://doi.

org/10.1016/j.molcel.2008.11.019 (2008).
 84. Oudhoff, M. J. et al. Control of the hippo pathway by Set7-dependent methylation of Yap. Dev Cell 26, 188–194, https://doi.

org/10.1016/j.devcel.2013.05.025 (2013).
 85. Chung, H. S., Wang, S. B., Venkatraman, V., Murray, C. I. & Van Eyk, J. E. Cysteine oxidative posttranslational modifications: 

emerging regulation in the cardiovascular system. Circ Res 112, 382–392, https://doi.org/10.1161/CIRCRESAHA.112.268680, 
112/2/382 [pii] (2013).

 86. Gandhirajan, R. K. et al. Cysteine S-Glutathionylation Promotes Stability and Activation of the Hippo Downstream Effector 
Transcriptional Co-activator with PDZ-binding Motif (TAZ). J Biol Chem 291, 11596–11607, https://doi.org/10.1074/jbc.
M115.712539 (2016).

 87. Go, Y. M. & Jones, D. P. The redox proteome. J Biol Chem 288, 26512–26520, https://doi.org/10.1074/jbc.R113.464131 (2013).
 88. Kholodenko, B. N. Drug Resistance Resulting from Kinase Dimerization Is Rationalized by Thermodynamic Factors Describing 

Allosteric Inhibitor Effects. Cell Rep 12, 1939–1949, https://doi.org/10.1016/j.celrep.2015.08.014, S2211-1247 (2015).
 89. Castaldo, S. A., Freitas, J. R., Conchinha, N. V. & Madureira, P. A. The Tumorigenic Roles of the Cellular REDOX Regulatory 

Systems. Oxid Med Cell Longev 2016, 8413032, https://doi.org/10.1155/2016/8413032 (2016).
 90. Yu, J. et al. TAZ induces lung cancer stem cell properties and tumorigenesis by up-regulating ALDH1A1. Oncotarget 8, 38426–38443, 

https://doi.org/10.18632/oncotarget.16430 (2017).
 91. Yang, X. et al. LATS1 tumour suppressor affects cytokinesis by inhibiting LIMK1. Nat Cell Biol 6, 609–617, https://doi.org/10.1038/

ncb1140 (2004).

Acknowledgements
We would like to thank Canadian Institute of Health Research (#119325, 148629) (XY), the Canadian Breast 
Cancer Foundation/Canadian Cancer Society (XY) for their financial support, Yawei Hao for technical support, 
and Kazem Nouri for helpful discussion. PK is supported by the CIHR/Terry Fox Foundation Training Program 
in Transdisciplinary Cancer Research. We would like to thank Dr. Marius Sudol and Cathy Pan for providing 
YAP1 and YAP2 plasmids.

Author Contributions
X.Y., Z.J. and P.K. designed the studies that were performed by P.K. The paper was written by X.Y. and P.K. All 
authors reviewed the results and approved the final manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-21828-6.
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

http://dx.doi.org/10.1107/S139900471400947X
http://dx.doi.org/10.1038/onc.2012.520
http://dx.doi.org/10.1074/jbc.M305597200
http://dx.doi.org/10.1074/jbc.M804380200,M804380200
http://dx.doi.org/10.1371/journal.pone.0113828
http://dx.doi.org/10.1371/journal.pone.0113828
http://dx.doi.org/10.1042/BST20140097
http://dx.doi.org/10.1042/BST20140097
http://dx.doi.org/10.1083/jcb.201102095
http://dx.doi.org/10.1186/s13008-016-0013-6
http://dx.doi.org/10.1101/gad.1602907
http://dx.doi.org/10.1016/j.cell.2012.11.026
https://doi.org/10.1101/gad.192955.112
https://doi.org/10.1101/gad.192955.112
http://dx.doi.org/10.1038/cdd.2014.182
http://dx.doi.org/10.1158/0008-5472.CAN-13-2712
http://dx.doi.org/10.18632/oncotarget.4259
http://dx.doi.org/10.15252/embr.201642681
http://dx.doi.org/10.15252/embr.201642681
http://dx.doi.org/10.1074/jbc.M111.334714
http://dx.doi.org/10.1073/pnas.1620306114
http://dx.doi.org/10.1016/j.molcel.2008.11.019
http://dx.doi.org/10.1016/j.molcel.2008.11.019
http://dx.doi.org/10.1016/j.devcel.2013.05.025
http://dx.doi.org/10.1016/j.devcel.2013.05.025
http://dx.doi.org/10.1161/CIRCRESAHA.112.268680
http://dx.doi.org/10.1074/jbc.M115.712539
http://dx.doi.org/10.1074/jbc.M115.712539
http://dx.doi.org/10.1074/jbc.R113.464131
http://dx.doi.org/10.1016/j.celrep.2015.08.014
http://dx.doi.org/10.1155/2016/8413032
http://dx.doi.org/10.18632/oncotarget.16430
http://dx.doi.org/10.1038/ncb1140
http://dx.doi.org/10.1038/ncb1140
http://dx.doi.org/10.1038/s41598-018-21828-6


www.nature.com/scientificreports/

1 2SCientifiC REPORts |  (2018) 8:3485  | DOI:10.1038/s41598-018-21828-6

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://creativecommons.org/licenses/by/4.0/

	Cysteine residues are essential for dimerization of Hippo pathway components YAP2L and TAZ
	Results
	YAP2L isoform forms dimer in vitro and in vivo. 
	Cysteine residue is essential for dimerization of YAP2L. 
	Cysteine residues are essential for dimerization of TAZ. 
	Disruption of YAP and TAZ dimerization reduces their stability. 
	Dimerization of YAP/TAZ increases their oncogenic function. 

	Discussion
	Experimental Procedures
	Plasmids construction and Transfection. 
	Cell culture. 
	Lentivirus production, infection and establishment of stable cell lines. 
	Fusion protein production and GST-pull-down assays. 
	Antibodies and reagents. 
	Anchorage-independent cell transformation assay. 
	Colony formation assay. 
	Immunoblotting and Co-immunoprecipitation (CO-IP). 

	Acknowledgements
	Figure 1 In vitro and in vivo dimerization of YAP2L isoform.
	Figure 2 YAP2L undergoes dimerization through cysteine residue.
	Figure 3 Importance of cysteine residue in dimerization of purified YAP2L.
	Figure 4 Dimerization of TAZ needs cysteine residues.
	Figure 5 Dimerization of YAP/TAZ increases their stability.
	Figure 6 Dimerized YAP/TAZ are more oncogenic than their corresponding monomers.




