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YAP needs Nemo to guide a Hippo
Alexander Hergovich

The Hippo growth control pathway coordi-
nates cell proliferation, death, differentia-
tion and stemness through regulatory
phosphorylation of the YAP proto-onco-
protein, a major nuclear effector of Hippo
signalling. In particular, YAP phosphoryla-
tion on Ser127 can promote inhibitory
14-3-3 interactions and cytoplasmic
sequestration. Two studies in this issue of
EMBO Reports show that Ser128 phospho-
rylation of YAP by the Nemo-like kinase
(NLK) disrupts 14-3-3 interactions, thereby
promoting nuclear accumulation of active
YAP [1,2]. Notably, Ser127-phosphorylated
YAP can be nuclear and co-transcription-
ally active upon osmotic stress, thus,
challenging the dogma of YAP regulation
by Ser127 phosphorylation.

See also: AW Hong et al (January 2017) and
S Moon et al (January 2017)

O rgan size control in multicellular

organisms is essential. During

development tissues must form to

the correct size, and the dimensions of adult

organs must be maintained. The Hippo path-

way is a pivotal regulator of tissue growth

and homoeostasis by signalling through

three main levels: (i) a central core cassette

composed of protein kinases and scaffold

adaptors, (ii) downstream regulators of

diverse transcriptional programmes and (iii)

upstream regulators responding to micro-

environmental cues [3,4]. In Drosophila, the

Hippo core cassette comprises the Hippo

and Warts kinases in complex with scaffold

adaptors, which inhibit the transcriptional

co-activator Yorkie through Warts-mediated

phosphorylation [3,5]. In mammals, the core

consists of the MST1/2 and LATS1/2 kinases

bound to adaptors, regulating the transcrip-

tional co-activators YAP/TAZ [3,5,6].

Upon stimulation, MST1/2 activate

LATS1/2 by phosphorylation, which triggers

LATS1/2-dependent YAP phosphorylation at

Ser127, Ser397 and other residues, resulting

in cytoplasmic retention (due to the interac-

tion of the protein 14-3-3 with phosphory-

lated Ser127) and/or degradation (primed by

Ser397 phosphorylation) [5]. In the off-state,

Hippo signalling does not trigger YAP phos-

phorylation, causing nuclear accumulation

of YAP, where it drives growth-promoting

transcription. Studies on Ser127 phosphory-

lation of human YAP (and the corresponding

Ser112 and Ser168 residues in mice and

flies, respectively) showing its nuclear exclu-

sion led to the dogma that Ser127-phos-

phorylated YAP is cytoplasmic and hence

transcriptionally inactive [5]. However,

accumulating evidence indicates that the

Hippo cascade is only one of several tumour

suppressor pathways that can regulate YAP

[6]. Mice carrying a homozygous S112A

substitution in YAP (corresponding to

human S127A) are surprisingly normal,

although YAP(S112A) displays defective

cytoplasmic retention [7]. S112-phosphory-

lated YAP is also nuclear in murine cells [8].

Thus, additional mechanisms must exist that

control the subcellular localisation of YAP.

In this issue of EMBO Reports, the Jho

and Guan laboratories uncover a novel

regulatory mechanism of YAP [1,2]. Both

studies found that YAP is phosphorylated

at Ser128 by the Nemo-like kinase (NLK),

which disrupts 14-3-3 binding, hence

promoting nuclear accumulation of active

YAP (Fig 1). Fly Nemo and mammalian

NLK are atypical MAP kinase-related

kinases regulating diverse signalling

pathways [9]. NLK expression is deregu-

lated in numerous human cancers, most

likely as NLK plays context dependent

roles through its functions in cell prolifera-

tion, migration, invasion and apoptosis

[10]. However, a connection between NLK

and Hippo signalling was so far unknown.

Therefore, Moon et al [2] analysed phos-

pho-mobility shifts of Hippo components

upon NLK overexpression. They found that

NLK phosphorylates YAP at Ser128 in vitro

and in vivo. Considering that Ser128 is

adjacent to the key regulatory site S127,

the effects on Ser127 phosphorylation

were studied, revealing that NLK over

expression diminished Ser127 phosphoryla-

tion, while NLK knockout increased Ser127

phosphorylation. Noteworthy, Ser397 phos-

phorylation followed the same pattern,

suggesting that NLK-mediated phospho-

rylation of YAP is also negatively affecting

other LATS1/2-dependent inhibitory

phosphorylation sites, and possibly also

sites targeted by other kinases such as

NDR1/2 [11].

Intriguingly, Ser128 phosphorylation

inversely correlates with Ser127 phosphory-

lation [2], suggesting that these phosphory-

lation events are mutually exclusive,

although Hong et al [1] do not entirely

support this conclusion, since YAP(S128D)

is phosphorylated on Ser127. Nevertheless,

both studies demonstrate that NLK phospho-

rylation of YAP at Ser128 results in nuclear

accumulation of transcriptionally active YAP

by disrupting complex formation between

YAP and 14-3-3 (Fig 1).

In addition to human cells, Moon et al

studied the role of Nemo (Drosophila NLK)

in Yorkie-dependent (fly YAP) gene expres-

sion, revealing that Yorkie functions epistati-

cally to Nemo in fly wing imaginal discs [2],

further supporting the notion that NLK

promotes YAP activity. In this regard, the

Irvine laboratory already reported that

Ser168 phosphorylation of Yorkie is reduced

upon introducing phospho-mimetic muta-

tions at Ser169 and Ser172 [12], suggesting

that Ser169/Ser172 phosphorylation of

Yorkie (corresponding to Ser128 and Ser131

of human YAP) promotes Yorkie activity.

Considering the reports in this issue [1,2], it

is likely that Nemo functions as the kinase

phosphorylating Yorkie on Ser169.

Hong et al [1] draw similar conclusions,

namely that NLK phosphorylation of YAP on
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Ser128 disrupts 14-3-3 interaction and

consequently promotes nuclear localisation

of active YAP. However, they came from a

different angle, studying the relationship

between osmotic stress and the Hippo path-

way. General hyperosmolarity (caused by

sorbitol or NaCl) was sufficient to trigger

elevated Ser127 phosphorylation. Surpris-

ingly, Ser127-phosphorylated YAP remained

nuclear and bound to TEAD transcription

factors without increased 14-3-3 interac-

tions. In other words, Ser127 phosphoryla-

tion, subcellular localisation and 14-3-3

binding of YAP are temporarily uncoupled

upon osmotic stress. Thus, the current

dogma of YAP regulation by Ser127 phos-

phorylation needs revision (Fig 1).

Significantly, Hong et al [1] found that

osmotic stress can induce a transient activa-

tion of nuclear YAP despite increased Ser127

phosphorylation and that NLK mediates

these osmotic stress signals and activates

YAP. In full agreement with Moon et al [2],

they discovered that NLK phosphorylation

of Ser128 is central for the regulation of

YAP localisation. YAP(S128D), carrying a

permanent phospho-mimetic substitution at

Ser128, showed constitutive nuclear locali-

sation even upon increased Ser127 phos-

phorylation. This indicates that Ser128

phosphorylation (as mimicked by S128D)

can override YAP regulation through Ser127

phosphorylation.

Collectively, these studies demonstrate

that NLK is required for YAP nuclear locali-

sation in human cells and flies [1,2]. Ser128

phosphorylation of YAP is not compatible

with inhibitory 14-3-3 binding, even when

YAP is phosphorylated at Ser127, which

normally promotes 14-3-3 binding (Fig 1).

This point is crucial, since Ser127 phospho-

rylation has been widely used as an indirect

readout of YAP activity. Consequently, more

stringent criteria, such as complementary

localisation studies combined with YAP

target gene quantifications, are needed to

accurately assess YAP activity.

Based on these studies, it is tempting to

propose the development of NLK inhibitors

to pharmacologically dampen YAP-mediated

pro-growth and pro-survival signalling in

cancer. Other proline-directed kinases that

may phosphorylate YAP on Ser128 should

also be considered for inhibitor develop-

ment. However, it is essential to understand

these kinases and to determine whether

Ser89 phosphorylation of TAZ by LATS1/2

[5] is also overridden by proline-directed

kinases through Ser90 phosphorylation (the

TAZ residue corresponding to Ser128),

taking into account that Hong et al [1] found

that osmotic stress can transiently induce

TAZ nuclear translocation. Moreover,

researchers will need to consider possible

detrimental effects on healthy tissues in

response to NLK inhibition given the various

important biological roles of the protein

[9,10].
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Figure 1. The regulation of YAP by NLK-mediated Ser128 phosphorylation.
(A) In the off-state, the MST1/2-LATS1/2 kinase cascade does not phosphorylate YAP, allowing the nuclear
accumulation of YAP, which in complex with TEADs and other transcription factors can drive pro-growth and
pro-survival transcriptional programmes. (B) Upon stimulation, LATS1/2 phosphorylate YAP at Ser127 (and other
serine residues), resulting in 14-3-3 binding to Ser127-phosphorylated YAP and cytoplasmic retention of YAP. (C)
Activated LATS1/2 may phosphorylate YAP on Ser127 without promoting 14-3-3 binding and cytoplasmic
sequestration in case YAP is phosphorylated at Ser128 by NLK, which can override YAP inhibition and
consequently support nuclear accumulation of Ser127-phosphorylated and co-transcriptionally active YAP.
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