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Most prostate cancer (PCa) deaths result from progressive failure in standard androgen deprivation therapy (ADT),

leading to metastatic castration-resistant PCa (mCRPC); however, the mechanism and key players leading to this

are not fully understood. While studying the role of tousled-like kinase 1 (TLK1) and Never in Mitosis Gene A

(NIMA)-related kinase 1 (NEK1) in a DNA damage response (DDR)-mediated cell cycle arrest in LNCaP cells

treated with bicalutamide, the overexpression of wt-NEK1 resulted in a rapid conversion to androgen-independent

(AI) growth, analogous to what has been observed when YAP1 is overexpressed. It's reported that overexpression

of wt-NEK1 results in accumulation of YAP1, suggesting the existence of a TLK1>NEK1>YAP1 axis that leads to

adaptation to AI growth. Further, YAP1 is co-immunoprecipitated with NEK1. Importantly, NEK1 was able to

phosphorylate YAP1 on six residues in vitro, which researchers believe are important for stabilization of the protein,

possibly by increasing its interaction with transcriptional partners. In fact, knockout (KO) of NEK1 in NT1 PCa cells

resulted in a parallel decrease of YAP1 level and reduced expression of typical YAP-regulated target genes. In

terms of cancer potential implications, the expression of NEK1 and YAP1 proteins was found to be increased and

correlated in several cancers. These include PCa stages according to Gleason score, head and neck squamous

cell carcinoma, and glioblastoma, suggesting that this co-regulation is imparted by increased YAP1 stability when

NEK1 is overexpressed or activated by TLK1, and not through transcriptional co-expression. Researchers propose

that the TLK1>NEK1>YAP1 axis is a key determinant for cancer progression, particularly during the process of

androgen-sensitive to -independent conversion during progression to mCRPC. 

tousled-like kinase (TLK)  NIMA-related kinase 1 (NEK1)  yes-associated protein 1 (YAP1)

thioridazine (THD)  MS-determined phosphopeptides

1. Introduction

The founding member of the NIMA (never in mitosis gene A) family of protein kinases was originally identified in

Aspergillus nidulans as a protein kinase essential for mitosis , and expression of a dominant-negative mutant of

NIMA results in G2 arrest in vertebrate cells . NIMA-related kinases (NEKs) have adapted to a variety of cellular

functions in addition to mitosis . In human cells, 11 NEKs were identified that are involved in several functions. For

example, NEK2 is critical for centrosome duplication , whereas NEK6, 7, and 9 are regulators of the mitotic

spindle and cytokinesis . NEK1, NEK4, NEK8, NEK10, and NEK11 have been linked to the DNA damage

response (DDR) and DNA repair pathways as well as ciliogenesis . NEK1 mediates Chk1 activation likely by

modulating the ATRIP/ATR interaction and activity , although this may be controversial . NEK1 activity and

relocalization to nuclei were reported to increase upon a variety of genotoxic stresses . A defect in DNA repair in
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NEK1-deficient cells is suggested by the persistence of Double Strand Breaks (DSBs) after low-dose ionizing

radiation (IR). NEK1-deficient cells fail to activate the checkpoint kinases Chk1 and Chk2, and fail to arrest properly

at G1/S- or G2/M-phase checkpoints after DNA damage . NEK1-deficient cells suffer major errors in mitotic

chromosome segregation and cytokinesis, and become aneuploid . Genomic instability is also manifested in

NEK1  mice, which later in life develop lymphomas with a higher incidence than wild type littermates . NEK1 is

also known to negatively regulate apoptosis by phosphorylating VDAC1, regulating the closure of the anion

channel of the mitochondrial membrane, which promotes survival of renal cell carcinoma . Loss of function

mutation of NEK1 leads to DNA damage accumulation in the motorneurons that may lead to several

neurodegenerative diseases such as amyotrophic lateral sclerosis (ALS) . NEK1 is associated with primary

cilia and centrosomes , which was reported to be implicated in the development of polycystic kidney disease

(PKD) when there is a NEK1 deficiency . However, the precise mechanism leading to PKD due to NEK1

insufficiency is not clear, but a clue came from the discovery that NEK1 interacts with and phosphorylates TAZ,

involved in the E3 ligase complex, which regulates the stability of polycystin 2 . TAZ is also a paralog of yes-

associated protein (YAP), a transcriptional coactivator that mediates many functions in normal development and in

disease pathology, such as cancer progression, including prostate cancer .

We recently uncovered a new DDR axis involving the protein kinase tousled-like kinase1 (TLK1) as an early

mediator of the DDR. TLK1 serves as an upstream activator of NEK1>ATR>Chk1 , which has important

implications during the early stages of prostate cancer (PCa) progression to androgen independence (AI) .

We found that overexpression of wt-NEK1 (but not the T141A kinase-hypoactive mutant that cannot be

phosphorylated by TLK1) hastens the progression of LNCaP cells to androgen-independent growth . The

protective cell cycle arrest mediated by the TLK1>NEK1 DDR pathway seems insufficient to explain the rapid

growth recovery observed in bicalutamide-treated cells when NEK1 is overexpressed, and suggests that NEK1

may have additional functions. We suspected that it may regulate the Hippo pathway, as it was reported that

ectopic expression of YAP is sufficient to convert LNCaP cells from androgen-sensitive (AS) to AI in vitro . NEK1

was also found to phosphorylate TAZ specifically at S309 , and this was related to increased CTGF expression

(one of TAZ/YAP transcriptional targets). TLKs may regulate the Hippo pathway through their activity on NEK1

upstream of YAP/TAZ. YAP/TAZ (60% identical) are the main effectors of the Hippo signaling pathway. This

pathway is involved in regulating organ size through controlling multiple cellular functions including cell proliferation

and apoptosis . The Hippo pathway responds to a variety of signals, including cell–cell contact, mechano-

transduction , and apico–basal polarity . When the Hippo pathway is activated, kinases MST1/2 and

LATS1/2 phosphorylate and inactivate YAP and TAZ. YAP and TAZ are transcriptional co-activators but lack DNA

binding activity. Upon phosphorylation by MST and LATS kinases, they are sequestered in the cytoplasm,

ubiquitylated by the β-TrCP ubiquitin ligase, and marked for proteasomal degradation (reviewed in ). YAP/TAZ

are usually inhibited by cell–cell contact in normal tissues , while over-activation of YAP/TAZ through aberrant

regulation of the Hippo pathway has been noted in many types of tumors. This is associated with the acquisition of

malignant traits, including resistance to anticancer therapies; maintenance of cancer stem cells; distant

metastasis ; and, in prostate, adenocarcinoma progression . When the Hippo core kinases are “off”, YAP/TAZ

translocate into the nucleus, binds to TEAD1–4, and activates the transcription of TEAD downstream target genes,
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leading to multiple oncogenic activities, including loss of contact inhibition, cell proliferation, epithelial–

mesenchymal transition, and resistance to apoptosis. In PCa, YAP has been identified as an Androgen Receptor-

binding partner that colocalizes with AR in both androgen-dependent and androgen-independent manners in

castration-resistant PCa (CRPC) patients . YAP is also found to be upregulated in AI-LNCaP-C4-2 cells and,

when expressed ectopically in LNCaP cells, it activates AR signaling and confers castration resistance. Knockdown

of YAP greatly reduces the rates of migration and invasion of LNCaP, and YAP-activated androgen receptor

signaling is sufficient to promote LNCaP cells from an AS to an AI state in vitro, while YAP conferred castration

resistance in vivo  It was also recently determined that ERG (and the common TMPRSS2–ERG fusion) activates

the transcriptional program regulated by YAP1, and that prostate-specific activation of either ERG or YAP1 in mice

induces similar transcriptional changes and results in age-related prostate tumors .
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2. NEK1 Phosphorylation of YAP

During studies aimed at elucidating the process of ADT adaptation of AS PCa cell (initially in LNCaP), which

proceeds through a process of activating the DDR and increased activity of the kinases TLK1B and NEK1 

, we made the observation that overexpression of wt-NEK1, but not the hypoactive NEK1-T141A variant that

cannot be activated by TLK, resulted in a rapid adaptation to bicalutamide and formation of AI colonies. From a

review of the literature on the process of AI conversion of LNCaP and other studies of CRPC progression, we

suspected the involvement of Hippo pathway deregulation and, in particular, YAP-driven gene expression (for a

recent review, see ). Moreover, Yim et al. reported that NEK1 can phosphorylate TAZ and regulates its turnover

rate . Since YAP1 and TAZ are two highly homologous proteins that possess several conserved phospho-

residues, we set out to investigate the protein level of YAP in LNCaP overexpressing wt-NEK1 and the T141A

mutant in conjunction with a TLK inhibitor (THD) to suppress the activating phosphorylation of NEK1. Interestingly,

we observed an increased degradation of YAP in cells overexpressing NEK1-T141A mutant or parental LNCaP

treated with THD, in contrast to elevated level of YAP (and no degradation) in cells that overexpress wt-NEK1.

Furthermore, treatment of LNCaP cells with THD resulted in downregulated expression of several YAP-dependent

transcripts. As an indication that this is in fact a general phenomenon in PCa, increased degradation of YAP1 after

inhibition of the TLK1>NEK1 axis with THD or J54 was independently verified in mouse NT1 cells. In addition,

genetic depletion of NEK1 resulted in YAP1 loss and YAP1 target gene downregulation in NT1 cells. It should be

noted that YAP is a generally unstable protein whose turnover rate is strongly regulated by multiple stabilizing  or

de-stabilizing phosphorylation events controlled by multiple kinases (see for some reviews). Large tumor

suppressor 1 and 2 (LATS1/2), the core kinases of the Hippo signaling pathway, can phosphorylate YAP1 on

Ser127 residue, which creates a binding site for 14-3-3 proteins. The 14-3-3 binding of YAP leads to the

cytoplasmic sequestration of YAP . Sequential phosphorylation by LATS1/2 on YAP Ser397 primes it for

further phosphorylation by Casein Kinase CK1δ/ε on Ser400 and Ser403, which creates a phosphodegron motif for

(Skp Cullin F box) β-TrCP/SCF E3 ubiquitin ligase-mediated proteasomal degradation . Recent findings also

identify factors such as NR4A1 (nuclear receptor superfamily) that regulate the 14-3-3 interaction with YAP1 and

promote its ubiquitination and degradation . Several other kinases independent of the Hippo pathway can

regulate the stability of YAP1 protein. For instance, nuclear Dbf2-related kinase (NDR1/2) can also phosphorylate

YAP on Ser127 residue and can promote its cytoplasmic retention, thereby negatively regulating YAP stability .

Evidence suggests that the protein kinase B/AKT can also phosphorylate YAP on Ser127 residue, leading to

binding of 14-3-3 and cytoplasmic retention . In contrast, several members of the Src family of kinases such as

Src, Yes, and c-Abl can positively regulate YAP stability. c-Abl/Src/Yes are known to phosphorylate YAP on Tyr357

residue, which results in the nuclear translocation and, hence, stabilization of YAP . Moreover, Ras-

associated factor isoform 1C (RASSF1C) is known to promote tyrosine phosphorylation of YAP1 (Tyr357) through

activated Src (pTyr416) and cause nuclear localization of YAP1 . Similarly, mitogen-activated protein kinases

such as c-Jun-N-terminal kinases (JNK1/2) are also reported to be YAP kinases that phosphorylate YAP on Ser317

and Thr362, promoting YAP nuclear translocation and stabilization . Thus, post-translational modifications such

as phosphorylation determine YAP turnover rate and activity.
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Therefore, we propose the phosphorylation of Y407 by Nek1 as one potential mechanism of YAP stabilization and

increased transcriptional output, although the other 5-phosphorylation sites could be equally important. There are

examples in YAP and TAZ where phosphorylation of some residues impairs ubiquitination and subsequent

proteasomal degradation, as in one example, phosphorylation of S128 by NLK competed for the destabilizing

LATS1-dependent S127 phosphorylation . However, we currently favor a pY407-related mechanism based on

the equivalent pY316 of TAZ, where it was shown that the phosphorylation of that residue, reportedly by c-Abl, was

necessary to mediate its interaction with the transcription factor NFAT5 . This was implicated in an inhibitory

pathway of NFAT5—a major osmoregulatory transcription factor—during hyperosmotic stress. Similarly, JNK1/2-

mediated phosphorylation of YAP1 on Ser317 and Thr362 promotes YAP’s ability to bind and stabilize both pro-

apoptotic p73 and pro-proliferative ΔNp63α in different cell types . We think that, likewise, pY407 promotes

the interaction of YAP with some of its transcriptional partners, and hence promotes its nuclear translocation,

function, and stabilization, away from cytoplasmic degradation. Importantly, while the phosphorylation of Y407 was

identified in proteomic studies , to our knowledge, the kinase responsible for it has not been reported.

Resistance to androgen deprivation therapy (ADT) promotes androgen-independent growth and proliferation of

PCa cells, which requires efficient DNA damage response (DDR) and repair mechanisms, activation of

compensatory signaling pathways, transcription factors, and co-factors to drive castration resistance. Findings from

our lab and others suggest that ADT activates the TLK1-NEK1 signaling pathway that promotes PCa progression

by activating the DDR . Hyper-activation of NEK1 may also lengthen G2/M checkpoints, which provides the

cells sufficient time to repair their damaged DNA after ADT or radiation therapy . However, DDR alone may not

be able to induce androgen-insensitive growth of PCa cells. Thus, we hypothesize that TLK1-NEK1 may be

implicated in some other signaling pathway, leading to AI growth. YAP1 is a major oncoprotein that drives many

different types of malignancies, including PCa , head and neck cancer , gastric cancer  colon cancer ,

thyroid cancer , lung cancer , ovarian cancer , and liver cancer . NEK1-mediated phosphorylation of

YAP1 (most probably on Tyr407 and/or Thr493) may induce a conformational change that counteracts the

sequential phosphorylation by LATS1/2 and CK1δ/ε and subsequently protects YAP from proteasomal degradation.

Moreover, Tyr407 lies on the transcriptional activation domain of YAP1, which may increase its interaction affinity to

its assigned transcriptional factors . Ectopic YAP expression was reported to drive LNCaP cells from androgen-

sensitive to androgen-insensitive states . Reducing the turnover rate will increase cellular accumulation of YAP,

which can enable its oncogenic properties to drive castration resistance by several mechanisms. Previous studies

reported that YAP can mediate PI (3)K-mTOR signaling and activate AKT . Activation of mTOR will lead to

enhanced translation of TLK1B that can, in turn, increase YAP1 phosphorylation through TLK1-NEK1 nexus. This

suggests a positive feed-forward mechanism for YAP accumulation. Elevated YAP can also activate ERK that will

promote cell proliferation in absence of AR signaling. Kuser-Abali et al. reported that AR and YAP can interact, and

this interaction contributes to the switch from androgen-dependent to castration-resistant phenotype .

Overexpression of YAP can also regulate the expression of AR target genes, including PSA, NKX3.1, PGC-1, and

KLK2, which suggests that YAP may control AR activity. YAP Tyr407 phosphorylation could increase the binding

affinity of AR and AR ligand-insensitive variant AR-V7, thus contributing to androgen refractory growth of PCa cells.

Therapy-induced YAP overexpression may also induce EMT activation by upregulating EMT-specific genes.
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Increasing the stemness of PCa cells can be another mechanism by which stabilized YAP can promote castration-

resistant growth of PCa cells, which will further contribute to chemo-resistance of cancer cells . Our

bioinformatics analyses also suggested a link between NEK1 and YAP1 in different cancers. YAP1 protein level is

abundant in high-grade PCa tumors, despite the progressive downregulation of YAP1 mRNA expression. Other

groups also reported that YAP protein is positively correlated with the Gleason score, consistent with the findings of

our bioinformatics analysis .

3. Conclusions

YAP’s transcriptional activity and degradation is mainly regulated by phosphorylation through several kinases

dependent and independent of the Hippo pathway. Using small molecule inhibitors against YAP cannot completely

abolish YAP transcriptional activity and is not very effective in treating YAP-driven cancers. Inhibitors such as

verteporfin that can disrupt the YAP–TEAD interaction, but still cannot result in complete inhibition, as YAP can

bind with other transcription factors such as TEF, SMADs, or TBX5. The majority of YAP kinases negatively

regulate YAP by promoting its nuclear egress or degradation; however, NEK1 is found to stabilize YAP protein by

phosphorylating it on several residues. Thus, targeting NEK1 or the TLK1–NEK1 axis can bring about therapeutic

benefits in the clinical management of YAP-driven malignancies.x
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