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Summary 
Nemo-like kinase (NLK) is a species conserved serine/threonine kinase that 

belongs to the mitogen activated protein kinases (MAPKs) and cyclin-dependent 

kinases (CDKs) families. TAK.1 (Transforming Growth Factor-beta activated 

protein kinase) acts as the upstream kinase of NLK and regulates the function of 

NLK in multiple signaling pathways such as Wnt-1, IL6 and TGF0. The 

preliminary findings of my research work highlight the versatile function of NLK 

because of its substrates that range from adaptor proteins like TAB2/3 (TAK1 

binding protein 2/3) to transcriptional factors like c-jun (Activator protein 1 or 

AP-1) in the same signaling pathway to regulate TAK1 mediated signaling. 

Our study has identified NLK as an interaction partner of TAB2/3 and 

phosphorylation of TAB2/3 by NLK modulates the function of TAB2/3. NLK 

inhibits TAB2/3 from binding of polyubiquitin chain by either causing 

conformational changes or masking the ubiquitin binding domain of TAB2/3. 

Furthermore, phosphorylation of TAB2/3 by NLK possibly alters the 

conformation of TAK1 which is in the complex with TAB2/3, and inactivates 

TAK1. We have shown that over-expression of kinase active NLK, but not the 

kinase dead mutant NLK [D270A], with TAK1 complex suppresses the activity of 

TAK1 by reducing the auto-phosphorylation at the activation loop of TAK1. NLK 

knockdown cells also show increased activity of TAK1 and its downstream target 

p38 and JNK compared with control cells. Since TAK1 is a master regulator of 

p38, NFKB and JNK signaling pathways which control inflammation, the 

inhibition of TAK1 activity following the stimuli-dependent rapid activation is 

important. 

Besides regulating TAK1 activity through phosphorylation of TAB2/3, NLK also 

regulates the gene expression of cytokines through two major transcriptional 

factors NFKB and AP-1. Over-expression of NLK downregulates TAB2 or TAB3 

mediated NFKB activation in a dose dependent manner. NLK phosphorylation 

also modulates the binding of lysine 63 linked polyubiquitin chain by TAB2/3, 
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which is an essential component of TAKI - IKK-NFKB signaling activation. NLK 

"knockdown" cells show increased polyubiqutin binding of endogenous TAB2/3 

and enhanced activation of NFKB reporter gene in response to TNFa. NLK also 

directly regulates AP-1 activity by phosphorylating c-jun as well as indirectly 

through the negative feedback regulation of TAK1 and JNK activtiy. Furthermore, 

NLK "knockdown" cells also show increase gene expression and secretion of 

several inflammatory factors such as MCP-1, TNFa, TIMP-2, IP-10, and IL-8 

compared to control cells. 

Taken together, our findings suggest that NLK is involved in negative regulation 

of inflammatory signaling triggered by TNF and IL-1 through phosphorylation of 

TAB2 and TAB3, or transcriptional factor AP-1. 
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1. Introduction 
1.1 Discovery of nemo like kinase (NLK) 

Drosophila nemo was first identified in 1994 as a gene required for proper 

photoreceptor cells rotation during ommatidia morphorgenesis in the eye. [1-2] 

The murine ortholog of Nemo (nemo like kinase) and C.elegans ortholog of 

Nemo (LIT-1) were subsequently identified in 1999 as gene products that interact 

genetically with the Wnt signaling pathway. [3-5] 

NLK was classified as atypical mitogen activated proteins (MAP) kinases 

family members of serine/theronine kinases based on its ability to be 

phosphorylated and activated by MAP kinase kinase members MAPKX/MEK 

family. NLK is comprised of 515 amino acids and the central kinase domain is 

bordered by N and C terminal extensions of about 100 residues. Kinase domain 

and C terminal domain are highly conserved among other homologs such as 

Homo Sapien, C.elegan, Drosophila and Xenopus laevis. More than 70% 

similarity and 45% identity of amino acid was observed in the kinase domain and 

C-terminal region among the invertebrate and mammals. The high level of 

sequence identity found in kinase domain and its C terminal domain among the 

orthologs suggests it may play an important function and strict specificity for 

substrate in many organisms. Its kinase domain is composed of 289 amino acids 

(residues 127-415) and shows a high degree of sequence similarity to that of 

kinase domains of ERK (MAPK7) and cyclin-dependent kinases (CDKs). NLK is 

-55% similar and 42% identical to Erk-2, and 50% similar and 38% identical to 

Cdc2. [6] The kinase domain of NLK displays more sequence similarity to the 

MAPK than to CDKs. Like other members of atypical MAP kinase ERK3 and 

ERK4, NLK also lacks the tyrosine phosphorylation site in its activation loop. 

The "TQE" motif found in NLK resembles the "THE" sequence of CDK2. 

The amino acid sequence alignment of human MAP kinase ERK2, cdk 

and NLK kinase proteins is shown Figure 1-1. 
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Section 1 

(1)1 ,10 20 30 <!0 52 
NLK (1) MAAYNGGTSAAATGHHHHHHHHLPHLPPPHLHHHHHPQHHLHPGSAAAVHPV 

CDK2 (1) 
ERK2 (1) 

Section 2 
(53) 53 60 70 80 90 104 

NLK (53) QQHTSSAAAAAAAAAAAAAMLNPGQQQPYFPSPAPGQAPGPAAAAPAQVQHI 
CDK2 (1) 
ERK2 (1) MJM 

Section 3 
(105) 105 110 120 130 1_40 156 

NLK (105) A H T U K B H H H Q H S H H P Q Q Q L D I E P D R P I G Y i H G i v H v T B p R D l K l v A l K K 
CDK2 (1) - — MEN1QK|EKIG1GT1G1VBK1RNKBTBEVVAIKK 
ERK2 (4) H A G A | P E M V R G Q V F D V G P R | T N | 3 Y I G | G H G | V C H Y | N | N ^ V | V A | K K 

Section 4 
(157) 157 ,170 210 190 208 

NLK (157) 1 P N V 1 Q N L V 3 1 K B V F R E P B L C F H H B N B S A J | D B | Q P | H H N F E H N B V T | 
CDK2 (35) I R L D T | T E G V P 3 T A 1 R E | S 1 L K E L M H P M B K M D B H T E N K I I M 1 V F E B H B 
ERK2 (56) 1 S P - M H Q T Y 1 Q 1 T | R E J B H L L R M ^ N M G 1 N D J M R A | T M < J K B | 

Section 5 

(313) 313 320 330 340 350 364 

NLK(311) D I W S I G C I I A E B C S B R I I F Q B Q | P 1 Q Q L D I I I T D B L G B P 1 L | A 1 R T A C E G A K A 
CDK2 (185) DIW3BGClBAE^BpRAMFMD|EfcQLFRIFRTLGlpDEVVWPGiTslpDY 
ERK2 (210) D I W S | G C I L A E B B N R P 1 F H K H Y H O L N H I L G 1 L ' 3 B P 1 Q 1 D 1 N C | I N 1 K A R 

Section 8 
(365) 365 370 J380 3J30 4_00 416 

NLK(363) H X I R G P H K Q P S H V L Y T I S S H T H I H H L L C I M L V H F S K R J H H D A L A H P I 
CDK2(237) KPSFPKWABJDFS • V 1 P L | E H R S L L S Q M L H H P N K R I M B A A L A H P I 
ERK2 (262) N Y B L S L P H M K M - W N M F ^ H H S K M D L L D B M I I T 1 N P H K R I E V E Q A I I A H P | 

Section 9 

(417) 417 430 440 450 468 

NLK (415) lHGRLRYHTCMCKCCFST3TGRvJ|T3DFlpiTNPp|DDTFlKNLSSVRQB| 
CDK2(286) F C I V T K P I P H L I L 
ERK2(313) H o Y B D P S D B P | A E A P | K F D M | L D D I I P K E K H | 

Section 10 
(469) 469 480 490 500 517 

NLK (467) | BHQFILEQ1K|N1VPLCINPQ3AAFK3FI3 3TVAQP3EMPP3PLVWE 
CDK2(299) 
ERK2(345) H H F E E T A R F I P | Y 1 S 

Figure 1.1 Sequence alignment of NLK with ERK2 and CDK2 

Identical amino acid residues in all three proteins are highlighted in yellow, identical residues 

among 2 proteins are shown in blue and the amino acids with similar functional groups are shown 

in blue. "TEY\ "THE" and "TQE" in the red box represents the phosphorylation motif in the 

activation loop of the kinases. 
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The N terminal region of the kinase is poorly conserved among NLK 

orthologs and its function remains unclear. It has a unique sequence that is highly 

enriched in alanine, glutamine, histidine and proline residues and shows high 

similarity to the Zn finger type transcriptional factor. Based on the available 

sequence information and function of known proteins, that amino acid repeat in N 

terminus of NLK was predicted to be important for interacting with nuclear 

proteins. Furthermore, it also highlights the possible functional role of NLK at the 

level of gene expression by regulating the function of transcriptional factors in the 

nucleus. [7] Mammalian NLK gene has an extended sequence in the N terminal 

region compared with shorter N terminal domains found in invertebrates like 

Xenopus or Zebrafish. Perhaps, this may indicate an additional function of NLK 

in mammals to cope with more sophisticated gene regulation system. [8] 

Similar to other MAPK members, the activity of NLK is thought to be 

regulated by phosphorylation on its T loop and C terminus by upstream kinases 

proteins. It was predicted that phosphorylation at Thr 286 in the T-loop of NLK is 

important for its activation. [6, 9] Phosphorylation of Ser 510 by p3 8 a in the C-

terminus of NLK controls its binding interaction with its substrate. [10] 

NLK 
(Atypical MAPK) 

1 

AHQr 

T2S6T291 Y293 

III 

S510 
515 

N-tenninal domain 

Kinase domain 

C-tenninal domain 

Figure 1.2 Schematic representation of NLK kinase structure 

NLK comprises of 515 amino acids and its kinase domain is flanked with N and C terminus 

extension domain. "AHQr" in N terminal domain stands for Alanine, Histine and Glutamine 

repeat and phosphorylation of T286 in the kinase domain is predicted to be required for its activity. 

p38 phosphorylates NLK at [S510] residue and it regulates it activity. [6, 10-11] 
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A number of reports have suggested NLK as a nuclear protein; however, 

the subcellular localization of endogenous NLK is still unclear. As sensitive and 

specific antibodies against NLK are not available at present, its nuclear 

localization was shown by immunostaining and fractioning of overexpressed 

NLK in Cos 7 cells and HEK293 cells. [6] However, a recent study has reported 

that NLK is localized in the cytoplasm under basal condition at least in PC 12 cells. 

[12] In their study, NLK was shown to translocate from cytoplasm to the nucleus 

and cell leading edge in PC 12 neuronal cells upon stimulation with NGF. Since 

nuclear localization signal was not identified in its sequence, NLK is thought to 

be carried into the nucleus by interacting with other proteins in a similar manner 

to its family members such as Erk/MAPKs and Cdks proteins. [13] 

Only one single functional NLK gene has been found in invertebrate 

{Caenorhabditis elegans, Drosophila melanogaster) and mammal (Mus musculus 

and Homo sapiens). With the availability of genomic sequence, one functional 

single copy of NLK gene and a processed pseudogene were mapped in mouse 

chromosome 11 and 2. Although genes encoding upstream (Wnts and Frizzleds) 

and downstream components such as (TCF/LEF) are diversified, the proteins 

controlling the surveillance of pathways such as GSK-beta and NLK are 

maintained in single copies. So far only one isoform of NLK gene exists in human 

and mammal, however, 2 isoforms [NLK1 and NLK2] were found in Drosophila, 

Xenopus and Zebrafish [8, 14] 

The functional importance of the NLK gene and its physiological 

relevance were studied using NLK knockout mice. The importance of NLK gene 

in the development of embryo was shown by the fact that NLK null mice die 

during the third trimester of pregnancy. The NLK-/- mice were shown to have 

significant hematopoietic abnormalities compared with control mice. Compared 

with wild type mice, NLK -/- mice have reduced hematopoiesis which is indicated 

by reductions in total cellularity of bone marrow by 50% and reduction of 

lymphoid cells and myeloid cells by 66% and 75% of the population. In addition, 
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disruption of the NLK gene in mice gives a very complex phenotype highlighting 

the crucial functional role of NLK in multiple signaling pathways. Furthermore, 

NLK null mice are growth retarded and suffer from various neurological 

abnormalities. The concentrated expression pattern of NLK in mouse brain and 

neural tissues strengthen the possible function of NLK in nervous system and 

brain development. [12,14] 

1.2 Physiological Function of NLK 

Our understanding of the role of NLK has improved markedly in the last 

decade. A number of research findings have shown the physiological role of NLK 

in a variety of cellular events like tumorigenesis, programmed cell death, 

neurogenesis and osteogenesis. [12, 15-21] NLK phosphorylates and control the 

fate of its substrates by several mechanisms - it regulates the activity, stability or 

subcellular distribution of its substrates or regulates their interaction with other 

binding of partners. 

A wide range of NLK novel substrates were identified from research 

studies based on animal models and cell culture system. TCF4/LEF-1 is one of the 

first characterized substrate of NLK. TCF/LEF1 activity is controlled by members 

of the Wnt family of signaling molecules which play important roles in 

development and diseases. NLK can negatively regulate Wnt target gene 

expression through transcriptional factor TCF/LEF1, providing the first piece of 

information on an important role of NLK. [28, 29] 

Later, it was reported that NLK also regulates the activity of transcription 

factors including c-Myb, A-Myb, Notch 1, stat-3, SMAD4, FOXOl, NFKB, AP-1, 

and p53. [22-27] these transcriptional factors are important cell-cycle gate 

controllers in proliferation and are also involved in different stages of tumor 

development. The regulation of a wide range of transcription factors by NLK 

suggest that human NLK homolog could function as tumor suppressor and its loss 
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of function would lead to persistent activation of Wnt signaling and consequent 

tumor development. 

Table 1 summarizes and provides a list of NLK substrates and their role in 

several signaling pathways. The phosphorylation sites in the substrates are shown 

together with the sequence surrounding the phosphorylation motif. Based on the 

current knowledge of identified NLK phosphorylation sites in substrates, we can 

predict that NLK prefer to phosphoryalte serine/threonine residues which are 

mostly followed by proline and sometimes glycine. 

A major contribution to understanding of NLK function comes from 

genetic and biochemical analyses of its orthologs in model organisms such as 

Drosophila, C.elegans andXenopus. 

A mutant allele of Nmo, a Drosophila ortholog of NLK causes defects of 

epithelial planar polarity in the fly's eyes.[l-2] Another group also identified a 

more severe Nmo mutant allele which restored the wing phenotype of fruit flies 

overexpressing P-catenin [Armadillo], indicating that Nmo acts as a suppressor of 

Wnt signaling in wing development. [32] Nmo was also suggested to play a 

crucial role in regulation of apoptosis in Drosophila eye development. Ectopic 

expression of nemo causes defects in patterning and head development of flies 

leading to lethality. [15] 

The Caenorhabditis elegans NLK homolog, LIT-1, has been identified as 

a critical regulator of embryonic cell fate determination accompanying anterior-

posterior cell division [33]. In C. elegans development, Wnt signaling is known to 

determine cell polarity and differentiation [2, 33-34]. Several lines of genetic and 

biochemical analyses have shown that LIT-1 phosphorylates POP-1 (C.elegans 

TCF homolog) to regulate its sub cellular distribution and activity in the nucleus. 

[4, 33] Similarly, in Xenopus, NLK suppresses the transcriptional activity of the 

P-catenin/T-cell factor (xTCF) complex through phosphorylation of xTCF to 
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regulate axis formation [5]. Therefore, NLK/Nmo/LIT-1 functions as a 

downstream regulator of Wnt/Wingless signaling in a variety of organisms. [35] 

Figure 1-3 represents a schematic diagram of Wnt signaling pathways which is 

counteracted by NLK. The crucial role of NLK in Wnt signaling indicates NLK 

as an evolutionarily conserved functional protein in both vertebrates and 

invertebrates. 

Table 1. Function of NLK and its characterized physiological substrates 

Substrate 
LEF1 

TCF7L2 

Smad4 

FOXOIA 

STAT-3 (mouse) 

c-Myc 
A-Myb 

Notch 11CD 

SETDB1 
(Histone 
methyltransferase) 

Paxillin 
MAP-IB 

Mad (mothers 
against dpp) 

(Drosophila) 

Phosphorylation 
site 
T155 
S166 

T201 
T212 

T9 
S138 
S329 

S727 

Multiple sites 

Unidentified 

T976 

S126 
Unidentified 

S25 

Sequence 

SHAVHPLtPLTYSD 
TYSDEHFsPGSHPSH 

PHHVHPLtPLITYSN 
TYSNEHFtPGNPPPH 

DNMSlTNtPTSNDAC 
YHYERVVsPGIDLSG 
STISGRLsPlMTEQD 

NTlDLPMsPRTLDSL 

C-terminal region 

Ser/Thr rich region and 
Trans-activation 
domain 

PSSEEtPKNKVAS 

NKQKSAEPsPT 

GSLFSFTsPAVKX 

Method 

In vivo and in 
vitro 

In vivo and in 
vitro 

In vitro 

In vivo 

In vivo and in 
vitro 

in vitro 

In vivo and in 
vitro 

in vitro 

in vitro 
In vitro 

In vivo and in 
vitro 

Significance or 
pathway 
Inhibit its function 
and/or promote its 
degradation in Wnt 
pathway [28-29] 
Inhibit its function 
and/or promote its 
degradation in Wnt 
pathway [28-29] 
Its role is still 
unclear[25] 
Negatively regulate 
FOXOIA function 
[24] 
Recruit STAT3 as 
scaffold protein in 
IL-6 pathway [22] 
Inhibit transcriptional 
function and/or 
promote its 
degradation in Wntl 
pathway [9, 30] 
Suppresses 
transcriptional 
function in Notch 
pathway [23] 
Suppresses 
transactivation of 
PPARr and induce 
Runx2 expression in 
Wnt5a pathway [31] 
Control the dynamics 
of the cytoskeleton 
organization in NGF 
pathway [12] 
Control distribution, 
accumulation of 
pMad in motor 
neurons and its 
function. In wing 
development, NLK 
antagonize BMP 
pathway. [16-17] 
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1.3 Wnt signaling and NLK 

Wnt signaling is evolutionarily conserved and is involved in diverse biological 

processes such as embryonic development and adult cellular homeostasis including 

determination, proliferation, migration differentiation, tumorigenesis and inflammation. 

[41-42] Constitutive activation of Wnt dependent gene expression in mammals is 

associated with hereditary and sporadic forms of colon cancer. [43-44] 

Wnts are secreted cysteine rich proteins which bind to the Frizzled family of 

receptors. In the absence of Wnt, cells regulate P-catenin levels by a multiprotein 

complex consisting of the adenomatous polyposis coli (APC) tumour suppressor protein, 

axin and the glycogen synthase kinase GSK3-P, which phosphorylate P-catenin, marking 

it for subsequent ubiquitination and degradation. Due to the depletion of P-catenin, TCF 

is bound to the transcriptional repressor Groucho {Drosophila ortholog) or transducin-

like enhancer TLE (mammalian ortholog) and histone deacetylases (HDACs) which 

silence Wnt target gene expression. [45-46] Upon binding of the Wnt ligand to its 

Frizzled receptor, a canonical cascade of Wnt signaling events leads to disruxption of the 

axin scaffold protein complex. As a result of the destruction of the protein complex, 

cytoplasmic P-catenin accumulates and enters the nucleus where it activates specific gene 

expression. P-catenin displaces the transcriptional repressors (Groucho/HDACs) from 

TCF/LEF1 and recruits histone acetylase CBP/p300 to activate gene expression. [39, 47] 

Wnt signaling is regulated by multiple layers of safe-guard mechanisms such as 

cross-regulation and negative feedback inhibition. In this study, we focus on MAP kinase 

pathway involving the TAK1 and NLK which counteracts Wnt signaling. As shown in 

the diagram [Figure 1-3] Wnt signaling leads to the parallel activation of TAK1 and NLK 

which then phosphorylates TCFs/LEFl complexed to p-catenin. [48] NLK regulates 

TCFs/LEFl function through modification of its ability to interact with DNA and/or 

chromatin remodelling complex or stability in vivo. [28,29] [Fig. 1-4] Several target 

genes of TCF-P catenin complexes such as c-MYC and MMP-7 have important roles 
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in tumorigenesis and therefore have been intensively studied. [47, 49-50] The functional 

involvement of NLK in the negative regulation of these proto-oncogenes suggests a 

possible function as a tumor suppressor in vivo. 

A -Wnt 

^j^¥ 

:,TrCP V. 

B+Wnt 

p-catBnin L 
fJ-catentn 

APC 

& 
Wnt target genes Wnt target genes 

Figure 1.4 Wnt signaling pathway 

In the absence of Wnt ligand, (3- catenin is degraded by a proteasome mediated mechansim in the 

cytoplasm. When Wnt is bound to the Frizzled receptor, Dishevelled a key component of a membrane-

associated Wnt receptor complex is activated and leads to the inhibition of the Axin/GSK.-3/APC complex, 

which normally promotes the proteolytic degradation of the P-catenin in the cytoplasm. Inbition of 

axin/GSK3/APC protein complex by Wnt leads to stablization of cytoplasmic P-catenin. The excess P-

catenin is then able to enter the nucleus and interact with TCF/LEF family transcription factors to promote 

specific gene expression. 
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1.4 NLK is activated by upstream kinase TAK1 

Several lines of evidence suggest NLK as a crosstalk linkage between the Wnt 

and MAPK signaling pathways. Based on genetic and biochemical studies, NLK activity 

is shown to be modulated by its upstream kinase TGF-beta-activated kinase 1 (TAK1). 

TAK1 was originally identified in mouse as a kinase activated by TGF p family ligands 

[51] and later classified as a member of the MAPKKK family. TAK1 is also a highly 

conserved protein in different organisms like Drosophila, Xenopus, mouse and human. 

The human TAK1 gene is located in chromosome 6qel6.1 -6ql6.3 with 17 exons [52]. 

Studies from TAK1 knockout mouse have shown that TAK1 is a major player in 

the activation of IKK and JNK in the innate and adaptive immunity pathways. Deletion 

of TAK1 in thymocytes affects the population and maturation of single positive CD4 or 

CD8 thymocytes in peripheral tissues. In addition, T-cell receptor ligation failed to 

activate NFKB and JNK signaling pathway in TAK1 -deficient thymocytes but activated 

pathways which led to apotosis. [53] A similar observation is also found in B cells with 

depleted TAK1 where B-cell receptor ligation failed to induce the activation of IKK and 

JNK signaling. [54] Experiment carried out in TAK1 -/- MEFs (mouse embryonic 

fibroblast cells) indicates that TAK1 deletion impairs NFKB and JNK activation in the 

TGF-P signaling pathway. All these studies suggest that TAK1 is an upstream activating 

kinase for IKKP and JNK as well as a key modulator of transcription factors NFKB and 

AP-1. [55] 

3 * * 
T - T— T -

31 ^ l ? 291 

Kinase Domain 579 
479 «• • 553 

TAB1 binding region TAB2/3 binding region 

Figure 1.5 Schematic diagram of TAK1 

TAK1 consists of 579 amino acids and has a N-terminal kinase domain spanning residues 31 to 291. Three 

well characterized autophosphorylation sites [Thr 184, Thr 187 and Ser 192] in the activation loop are 

important for its activity. TAB1 binding site is predicted to be in the kinase domain of TAK1 whereas 

TAB2/3 binds to C terminal region [497-553]. [59-61] 
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Three binding partners of TAK1 were identified by yeast two hybrid assay and 

cells-based studies and they are termed as TAK1 binding proteins (TAB1, TAB2 and 

TAB3). [56-58] Even though in vitro biochemical studies have revealed the existence of 

TAK1 complex (TAK1-TAB1-TAB2/3) in vivo, it still remains as a debatable topic of 

which members of this complex are essential for signaling. Using embryonic fibroblasts 

lacking TAK1, TAB1, or TAB2, a research group has found that TNFR1, IL-1R, TLR3, 

and TLR4-mediated NFtcB and AP-1 activation are severely impaired in TAK1 deficient 

cells, but not in TAB1 or TAB2 deficient cells. Their finding highlights the functional 

significance of TAK1 but not TAB1 or TAB2 in inflammation pathways. [55] 

Contradictory to that report, other research groups have reported that TAB1 is 

indispensible for TAK1 function. The stable and strong association of TAB1 induces 

conformation changes in TAK.1 to augment its autophosphoryaltion activity in vivo. [58] 

TAB1 was experimentally shown to promote TAK.1 auto-phosphorylation and acts as the 

activator in the TAK1 signaling pathway. [58] Three auto phosphorylation sites (Thr 184, 

Thr 187 and Ser 192) in its activation loop of TAK1 were reported to be required for 

TAK1 activity. [59-61] 

Biochemical assays performed with TAB 1 knockout mouse embryonic fibroblasts 

cells have shown that TAB1 depletion abolishes TAK1 autophosphoryaltion and activity 

in IL-ip and TNFa signaling. [62-63] TAK1 activity is negatively regulated by p38a by 

phosphorylating on the residues [Thr 431 and Ser 438] of TAB 1. [64] 

A second subunit TAB2 (TAK-1 binding protein 2) and third subunit TAB3 

(TAK1 binding protein 3) were identified from mammalian cells and function as adaptor 

proteins. TAB2 and TAB3 share 48% sequence identity and they appear to play 

redundant roles in TAK1 activated signaling pathways in vivo. [65] Studies from TAB2 

knockout mice and RNAi mediated knockdown indicates that TAB2/3 are necessary for 

TAK1 activation and the subsequent activation of IKK signaling cascades by IL-1, TNF, 

and RANKL [40-42, 44-45]. 
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Both TAB2 and TAB3 contain a CUE ubiquitin-binding domain, a coiled-coil 

(CC) region, a TAK1-binding domain and a C-terminal Npl4 zinc finger (NZF) ubiquitin-

binding domain. [66] [Figure 1-6A] The NZF domain of TAB2/3 act as ubiquitin receptor 

for K63 linked polyubiquitin chains and is essential for TAK1 and IKK activation in vivo. 

Several independent biochemical studies have reported that TAB2/3 exhibits strong 

interaction with K63 linked polyubiquitin chains, but not with K48 linked polyubiquitin 

chains. [66] 

Upon receiving the specific extracellular stimuli, TAB2 and TAB3 interact with 

upstream components of TAK1 signaling pathway through K63 linked polyubiquitin 

chains and relay the signal to downstream components such as IKK, JNK and p38.[56-57, 

67] K63 linked polyubiquitin chain is different from classical K48 linked polyubiquitin 

chains which is a marker for proteasome mediated degradation system in vivo. The 

different conformations of K48 and K63 linked terra polyubiquitin chains are also shown 

in Figure 1-6B. 

The involvement of K63 linked polyubiquitin chains in cell signaling can be 

explained by using an analogy to phosphorylation system in which polyubiquitin chains 

function like a phosphate group to determines the [ON/OFF] switch of signaling. K63 

linked polyubiquitin chains can also act as scaffolds to assemble signaling components 

and mediate their activation through proteasome independent mechanism. Several 

mechanisms of ubiquitin mediated activation of kinases involve conformational changes, 

sub-cellular localization and association or dissociation with other binding partners. 

Activation of signaling cascades by K63 linked polyubiquitin chains are 

counterbalanced by deubiquitinases. A-20 and CYLD (cylindromatosis) are well known 

examples of NFKB inducible deubiquitinases which remove the K63 linked polyubiquitin 

chains from molecules such as TRAF6, NEMO and RIP. [68-70] 
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Figure 1.6 Schematic diagrams of TAB2/3 and the models of K48 or lys-63 linked polyubiquitin 

chains 

(A) CUE domains near the N terminus and coiled coil domain or NZF domain in C terminus share high 

level of sequence identity as indicated. CUE and NZF domain are known as ubiquitin receptor domains 

which are essential for ubiquitin binding by TAB2/3. The specific interaction between K63 linked ubiquitin 

chains and TAB2/3 via its NZF domain has been solved by structural studies recently. [66] Two 

phosphorylation sites in TAB2 [S372 and S524] and three phosphorylation sites in TAB3 [S60, T404 or 

S506] in IL-1 activated cells are identified and predicted to be involved in regulation of its function in vivo. 

[62,71] 

(B) The different morphology of K63-linked and K48-linked tetra ubiquitin chains are adopted from 

reference [72]. Ubiquitin is a highly conserved protein containing 76 amino acid and 7 lysine residues. [73] 

The two most intensively studied polyubiquitin chains are K48 or K.63 linked where a peptide bond is 

formed between 2 adjacent mono ubiquitin proteins through K48 or K.63 residues. K48-linked ubiquitin 

tetramers represents a compact conformation, [72] while K63-linked ubiquitin chain adopt a different 

conformation, which is extended in nature and possesses a very high degree of flexibility. This flexible 

conformation is important for activation of signal transduction events by providing a highly ordered 

scaffold structure for signaling molecules. 
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1.5 TAK1 signaling mediated by IL-l-{3 and TNFa: 

TAK1 is a member of the MAPKKK family and is activated by a growing number 

of various stimuli such as Wnt-1, Wnt5a, IL-lp, IL-6, TNFa, LPS, GCSF and TGF-p and 

osmotic stress. [5, 9, 51, 61, 64, 74-75] Here, we focus on TAK1 signaling mediated by 

TNF or IL-1. [Figure 1.7] 

Upon binding of TNF to the TNFR1, SODD (the silencer of death domain) is 

released from cytoplasmic tail of the receptor to allow the recruitment of death domain 

adaptor TRADD (TNF receptor associated death-domain protein) through homophilic 

interaction between the death domains. TNFR1-bound TRADD then serves as a platform 

for binding of TRAF2 or TRAF5 and the DD-containing serine-threonine kinase RIP1 

(receptor interacting protein kinase 1). TRAF2/5 are RING domain ubiquitin ligases and 

can ubiquitinate RIP1 at lysine 377 with K63-linked polyubiquitin chains which acts as a 

scaffold for the recruitment of the downstream TAK1-TAB1-TAB2/3 complex by 

binding the NZF domains of TAB2/3. Upon docking of IL-ip to IL-1RI, a receptor 

complex is formed with recruitment of IL-1R AcP (IL-1R accessory protein) which 

subsequently associates with the adaptor MyD88 through a homophilic TIR-TIR 

interaction. MyD88 recruits IRAKI & 4 (IL-1 receptor associated kinase 1 and 4) 

followed by phosphorylation of IRAKI by IRAK4. Phosphorylated IRAKI binds to 

TRAF6 leading to the synthesis of K63 polyubiquitin chains and interaction with the 

TAK1 complex through a similar mechanism as described for TNFa signaling. 

TAK1 complex can transmit the signaling cascades through 3 major signaling 

pathways. 

- JNK and p38a pathways 

TAK1 activate JNK (c-Jun N-terminal kinase) and p38a (also called stress activated 

protein kinase 2a) via phosphorylation of their upstream kinases MKK4/7 and MKK3/6 

(Mitogen activated protein kinase kinase) respectively, which subsequently result in the 

activation of transcription factors such as AP-1 (Activator protein), CREB (c-AMP 

responsive element binding protein) and induction of inflammatory cytokines like IL-2, 

IL-6, IL-12 and TNF[76]. (Refer to pathway I as shown in Figure 1-7) 
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-IKK pathway 

Activated TAK1 can also recruit NEMO (NFKB essential modulator, or IKKy) which 

then acts as a bridge between TAK1 and the IKK (IKB kinase) complex. IKKp (IKB 

Kinase P) in complex with NEMO is then phopshorylated by TAK1, leading to the 

phosphorylaton and degradation of IKB (inhibitor of KB) and in turn the liberation and 

translocation of NFKB into nucleus where it turns on a number of genes related to 

inflammation, for example cytokines, chemokines like IL-6 and MCP-1[77], 

immunoreceptor CCR5, CXCR2 [78], growth factor (VEGF, NGF) [79]. [Also refer to 

pathway II as shown in Figure 1-7] 

TNFa and IL-ip are involved in local and systemic inflammation and also 

associated with molecular pathology of several chronic inflammatory disorders. For the 

past few years, several pharmaceutical companies have initiated huge efforts to develop 

small molecule inhibitors against protein kinases in IL1 or TNF signaling pathway, 

potentially as treatments for inflammatory diseases. Unfortunately, many small molecules 

kinase inhibitors that have undergone clinical trials have failed and only a few have been 

proven safe and effective to be used for treatment. For example, several inhibitors against 

p38a have failed to pass through the clinical trials because its dual activator and 

suppressor function in IL1 and TNF signaling was previously unknown. Cheung et al., 

2003 reported that p38a plays a role in negative feedback regulation of TAK1 in IL-ip, 

TNFa and LPS signaling. [64] Due to its dual functional role in IL1 and TNF signaling, 

p38a kinase inhibitor such as VX 745 and VX-702 showed enhanced activation of NFKB 

in vivo with severe liver toxicity and undesirable effects on brain and were discontinued 

at phase II clinical trial [80] 

Therefore, one has to be careful with designing the inhibitors or drug against 

protein kinases in inflammatory signaling. It is important to understand the complicated 

signaling network at the molecular level of protein kinases in the TNF and IL-1 pathway. 

Notably, our finding of NLK as a negative regulator of TAK1 in inflammatory signaling 

will provide knowledge which is potentially useful for desgining drug target for 

controlling inflammation. 
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Figure 1.7 TNFa and IL-ip signaling pathways 

Figure is adopted and modified from reference. [63] Binding of TNF to TNF receptor-1 leads to the 

recruitment of TNF receptor-1 associated death domain protein (TRADD), which in turn recruits TNF 

receptor-associated factor 2 (TRAF2) and receptor-interacting protein (RIP). After its ubiquitin ligase 

activity is activated, TRAF2 catalyses K63 polyubiquitination of itself. This causes the release of TRAF2 

into the cytosol and TRAF2-mediated K63 polyubiqutination of RIP. K63 polyubiquitinated RIP is 
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recognized by the TAKl-binding proteins TAB2 and/or TAB3, as well as by IKB kinase y (IKKy). This 

brings TAK1 in close proximity to the IKK complex, allowing it to phosphorylate the catalytic IKKP 

subunit. 

Binding of IL-1(3 to its receptor leads to activation of ubiquitin-ligase activity of TRAF6. K63-

polyubiquitinated TRAF6 recruits the TAK1 complex, which subsequently phosphorylates and activates 

IKKp. (Denoted as pathway I) The IKKP catalytic subunit then phosphorylates the inhibitor of KB (IKB)O. 

protein. Phosphorylation of IxBa results in tagging with K48 linked polyubiquitin chains and subsequent 

proteasomal degradation. This allows NFKB to translocate to the nucleus, where it induces the transcription 

of genes such as IL-6, CYLD, A20 and IKBO:. Some of the genes are involved in positive feedback loop and 

some function in negative regulatory roles to balance the cells to the equilibrium state or basal condition. 

Activated TAK1 can also lead to activation of JNK and p38a via MKK4/7 and MKK3/6 pathways 

(denoted as pathway II) which activates the transcription factor AP-1 leading to the expression of 

inflammatory cytokines such as IL-12, IL6 and TNF. 

Importance role of polyubiquitin chains in TNFa and IL-1B mediated signaling 

Two different types of ubiquitin chains are shown (in 2 different colour codes) and 

different linkage of ubiquitin chain types determine the fates of the substrates in vivo. 

[81] 

Ubiquitin is a 76-amino acid polypeptide, which is covalently attached to proteins in a 

three-step enzymatic cascade[82]. 

First step of the ubiquitin chain reaction is initiated by the ubiquitin-activating 

enzyme (El), which forms a thiol ester bond between the C-terminal glycine of 

ubiquitin and the active-site cysteine of El in an ATP-dependent reaction. 

Second step involves the transfer of the activated ubiquitin to a cysteine residue of 

a ubiquitin-conjugating enzyme which is termed as E2 or UBC and form an E2-

ubiquitin thioester complex. 

Final step occurs with the help of ubiquitin-protein ligase (E3), ubiquitin is 

transferred to a target protein by forming an isopeptide bond between the C 

terminal glycine of ubiquitin and the e-amino group of a lysine residue on the 

target protein. 
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Ubiquitin contains seven lysine residues, each of which can be covalently attached to 

another ubiquitin, resulting in the formation of a polyubiquitin chain. Tthe role of K48 (in 

blue) and K.63 (in red) linked polyubiquitin chains in IL-ip and TNFa pathways is 

shown. K48 linked polyubiquitin chain is recognized by proteasomal degradation system 

where K63 linked polyubiquitin chain is recruited by ubiquitin receptor containing 

adaptor proteins such as TAB2 and TAB3 to amplify the activated signaling at the level 

ofTRAFsandTAKl. 

The diagram also highlights the role of two NFKB inducible deubiquitinases such as 

CYLD and A20 which play a negative feedback role in NFKB pathway via removal of 

K63 linked polyubiquitin chains from RIP, TRAF2, TRAF6 and NEMO. [68-70] 
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1.6 Objective 

In the beginning of this study, the components of the signaling pathway between 

TAK1 and NLK and the exact mechanism of how TAK1 activates NLK have not yet 

been clearly defined. Scaffold proteins and intermediate kinase important for the 

activation of NLK have been identified. For example, in IL-6 signaling pathway, STAT3 

acts as a scaffold protein for TAK.1 and NLK in vivo. These results indicate that STAT3 

enhances the efficiency of its own Ser-727 phosphorylation by acting as a scaffold for 

TAK1-NLK. [22] In Wnt-1 signaling, HIPK2 acts as an intermediate kinase between 

TAK1 and NLK to regulate the activity of NLK upon degradation of c-Myb. [9, 30] A 

recent research finding suggests TAB2/3 as scaffold protein to link TAK1 with NLK [83]. 

In Xenopus laevis embryos, NLK was genetically mapped as downstream kinase of p38p 

in the anterior formation of embryo development in NGF signaling. It also suggests the 

possibility of p38 as an intermediate kinase between TAK1 and NLK in mammalian 

cells. [10] 

Therefore, the objective of our study is to look for the missing link of information 

in NLK activated signaling pathway. We want to look for the specific upstream activators 

or signaling components lie between TAK1 and NLK, which brings the signal activation 

to NLK in response to different external stimuli. 

To meet the objective of our study, we have sought to identify proteins that 

interact and regulate NLK. Surprisingly, we have discovered that NLK showed the 

possible interaction with TAB2 and TAB3 but not with TAB 1 in our initial studies. This 

led us examine the rational behind the physical interaction between TAB2/3 and NLK. 

TAB2 and TAB3 are adaptor proteins that bind to K-63 linked polyubiquitin chains of 

signaling proteins and play an important role in TAK1 mediated activation of NFKB gene 

in vivo. Therefore, we want to study the functional role of NLK on TAB2 or TAB3 which 

could contribute to the regulation of TAK1 and/or TAB2/3 in vivo. In the course of 

examining the functional role of NLK, we also look for other possible downstream 

components or novel substrates of NLK in TNFa and IL-ip signaling. 
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To achieve the goal of our project, we have performed a series of "cell based" 

studies using mammalian cell culture and also in vitro biochemical assays to identify the 

potential interaction partners and physiological substrates of NLK in the context of 

multiple signaling pathways. 
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2. Materials & Methods 

2.1 Materials 

[y32P]-ATP (150mCi/ml), ECL reagent for western blot and Glutathione sepharose 4B 

were from Amersham (Little Chalfont, UK); Protein G agarose, Braford assay reagent 

were from Pierce, Ni-NTA-agarose and plasmid Mini/Mega Prep kits were from Qiagen, 

DMEM media was from Gibco, fetal bovine serum was from Hyclone, trypsin was from 

Sigma; Nitrocellulose membrane was from Schleicher & Schuell (Dassel, Germany); all 

other common chemicals and reagents were purchased from Sigma or Merck. 

Buffers - Buffer A [50 mM Tris/HCl pH 7.5, 0.1 mM EGTA, 1% (w/w) Triton X-100, 1 

tnM Na3V04, 50 mM NaF, 5 mM sodium pyrophosphate, 0.27 M sucrose, 0.1% (v/v) 2-

mercaptoethanol plus 1 tablet/50 ml of EDTA free complete protease inhibitor cocktail 

(Roche, Germany)]. Buffer B [50 mM Tris/HCl pH 7.5, 0.27 M sucrose and 0.1% (v/v) 

2-mercaptoethanol]. 

2.2 Antibodies 

Ubiquitin antibody (P4D1), GST antibody (Z5), TAB2 antibody (K-20), HA antibody (Y-

11), Myc antibody (9E10) and His antibody (H-3) were from Santa Cruz (Santa Cruz, CA, 

USA); Flag antibody (M2) was from Sigma. TAK1 antibody, TAB1 antibody, GST-

TABS antibodies have been described previously (Cheung, et al., 2003). Sheep-, rabbit-, 

or mouse-specific secondary antibodies conjugated to horseradish peroxidase were from 

Pierce (Rockford, IL, USA). TAK1 p-Thr 184 and TAK1 p-Thr 187 antibodies were 

purchased from cell signaling. P-JNK antibody was purchased from Bio-source. Rabbit 

anti-NLK antibody recognizing the C-terminus [AQPSEMPPSPLVWE] and sheep anti-

TAK1 antibody recognizing the C-terminus [CKKQLEVIRSQQQKRQGTS] were 

custom made (Biogenes, Berlin, Germany). TAB1 and TAB3 antibodies have been 

described previously [56] and were generously provided by Prof. Sir Philip Cohen, 

University of Dundee, UK. TAB2 (K-20), ubiquitin, actin, HA, myc and GST antibodies 

were purchased from Santa Cruz (Santa Cruz, CA, U.S.A.). Antibodies recognising total 

p38a, JNK1 & 2, IKB, and the phosphorylated forms of p38a [pThrl80/pTyrl82] and 

IKB [pSer32], were purchased from Cell Signaling (Beverly, MA, U.S.A.). Antibody 

recognising the phosphorylated forms of JNK 1 & 2 [pThrl83/pTyrl85] was from 
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BioSource (Carlsbad, California, U.S.A.). Anti-FLAG antibody was from Sigma (St 

Louis, MO, U.S.A.). 

2.3 DNA Plasmids 

The following plasmids were used in the study of Result Part 1 and 2: pEBG2T-TABl, 

pEBG2T-TAKl, pEF6-TAB2-HA, pEF6-TAB3-HA, pCMV5-TAKl-myc, pCMV5-

TAB1-FLAG, pCMV5-NLK-myc, pCMV5-NLK-myc [D270A], pCMV5-NLK-FLAG, 

pEBG2T-TAB2, pEBG2T-TAB3, pEBG2T-p38a, pEBG2T-NLK, pMAL-MKK6, 

pNFtcB-Luc, pTK-RL. pEF6-NLK [l-454]-myc, pEF6-NLK [43-515]-myc, pEF6-NLK 

[43-417]-myc, pEF6-NLK [43-497]-myc, pEF6-NLK [124-515]-myc, pEF6-NLK [124-

497]-myc, pEF6-NLK [124-480]-myc, pEBG2T-c-jun, pEBG2T-NLK, pCMV5-NLK-

myc, pCMV5-NLK-myc [D270A], pCMV5-c-jun-myc, pAP-1-Luc. The truncated TAB2 

mutant plasmids used were pEBG2T-TAB2 [1-203], pEBG2T-TAB2[l-318], pEBG2T-

[1-400], pEBG2T-[283-481], pEBG2T-[283-527], pEBG2T-[283-588], pEBG2T-[283-

693], pEBG2T-[341-693]. pGEX6Pl-NLK [124-480], pGEX6Pl-cjun, pGEX6Pl-TAB2 

[481-693] and pMKK6-MBP were used for purification of proteins in E.coli. All 

mammalian expression plasmids used in this study contain N-terminal FLAG, GST, HA 

or myc epitope tags. TAB2, NLK and MKK6 plasmids were constructed using standard 

molecular biology techniques and the DNA templates encoding NLK (clone ID 6527673) 

and MKK6 (clone ID 4499772) were obtained from the IMAGE consortium (Open 

Biosystems, Huntsville, AL, USA). Plasmids encoding shRNA targeting NLK (Catalogue 

number SHCLNG-NMO16231) were purchased from Sigma. Plasmid NLK shRNA3 

and shRNA5 targets the sequences [tt tgc agg atg ttg gtc tt] and [gc tea gat cat gtc aaa gtt t] 

in the NLK coding region respectively. Scramble shRNA in pLKO vector was generously 

provided by Dr David M Sabatini (Whitehead Institute, Cambridge, U.S.A.). The shRNA 

resistant form of pEF6-NLK-myc had the sequence [gc tea gat cat gtc aaa gtt t] mutated 

to [gc teg gac cat gta aag g tg t]. All mammalian expression plasmids used in this study 

contain N-terminal GST, His or myc epitope tags. 
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Methods 

2.4 Cell culture and stimulation 

HEK293 and HeLa cells were cultured in DMEM supplemented with 10% FCS (Hyclone) 

and antibiotics (100 units/ml penicillin and 100 ug/ml streptomycin). The cells were 

incubated at 37°C with a humidified atmosphere of 5% CO2. 16 h prior to stimulation 

with TNFa (50ng/ml) and IL-ip (50ng/ml), HeLa cells were incubated in DMEM plus 

antibiotics but without FCS. After 16 h, the cells were stimulated with 50 ng/ml of either 

TNFa or IL-lp\ Cells were then harvested at different timepoints with buffer A and used 

immediately or stored at -20°C until required. All cell lines were obtained from the 

American Type Culture Collection (Manassas, VA, U.S.A.). 

2.5 Expression of proteins in HEK 293 cells by transfection 

HEK 293 cells were transfected by a modified calcium phosphate method (Chen et al., 

1988) 20 ug/ml DNA/dish. Cells were harvested by lysis in buffer A [50 mM Tris/HCl 

(pH 7.5)/0.1 mM EGTA/1% (v/v) Triton X-100/1 mM Na3VC>4/50 mM NaF/5 mM 

sodium pyrophosphate/0.27 M sucrose /0.1% (v/v) 2-mercaptoethanol/0.1 mM EDTA 

free Roche tablet of protease inhibitor cocktail]. The expression of proteins was 

determined by resolving on SDS-PAGE and western blot analysis. 

2.6 Generation and establishment of stable NLK knockdown cell lines 

HEK293 cells were transfected with shRNA by modified calcium phosphate precipitation 

[84]. Hela cells were transfected with fugene as described by manufacturer (Roche). Cells 

expressing shRNA targeting NLK or shRNA control were selected with media containing 

2.5 ug/ml puromycin (Sigma) for 72 hours. Surviving cells were pooled as stable 

transfectants and subcultured in selective media containing puromycin for further 

experiments. 

2.7 GST pull down assay and immunoprecipitation of lysates 

HEK 293 cells were harvested by lysis in buffer A. An aliquot of 0.5 mg or 1 mg of 

supernatant cell lysates was added to 10 ul glutathione-Sepharose beads for GST pull 

down assay or 2 n% of antibody coupled with 10 /d of Protein G-Sepharose for 
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immunoprecipitation assay. Following the incubation for 1 h at 4°C, the suspension was 

centrifuged, the supernatant was discarded and the beads were washed twice with 1 ml of 

buffer A containing 0.5 M NaCl. Followed by two washes with 1 ml of 50 mM Tris/HCl, 

pH 7.5, containing 0.27 M sucrose and 0.1 %( v/v) 2-mercaptoethanol, the proteins were 

boiled at 72 °C for 10 min in sample buffer and loaded on SDS-PAGE and identified by 

Western blot analysis. 

2.8 In vitro kinase assay 

Endogenous protein or transfected proteins were subjected to perform 

immunoprecipitation or GST pulldown and the bound proteins were incubated at 30°C 

with 40 ml of 50 mM Tris-HCl pH 7.5, 0.1% (v/v), 2-mercaptoethanol, 0.1 mM sodium 

orthovanadate, 0.1 mM EGTA, 0.1 mg/ml BSA, 50 mg/ml of unactivated MBP-MKK6, 

10 mM magnesium acetate and 0.1 mM 0.1 mM [y32P]ATP (106 c.p.m./nmol). incubated 

with 4 ug of inactivated MBP-MKK6 in 50 mM Tris-HCl (pH7.5), 0.1%(v/v)2-

mercaptoethanol, 10 mM MgCl2, 0.1 mM [y-32P] ATP (3xl06c.p.m./nmol). The total 

volume of 30 ul reaction was terminated for the time indicated by the addition of lOul 

sample buffer and resolved on SDS-PAGE. The phosphorylated substrates were 

visualized via autoradiography. MBP-MKK6 was expressed in bacteria and purified by 

affinity chromatography using Amylose resin (NEB, Beverly, U.S.A). 

2.9 In vitro dephosphorylation assay 

Following the immunoprecipitation with anti-HA antibody, TAB2-HA and TAB3-HA 

were treated with 400 units* of X-phosphatases (X-PPase) which can be used to release 

phosphate groups from serine, threonine or tyrosine residues in proteins. The reaction 

was carried out with 1 ui of X-PPase (400,000 units/ml) in lxA.-PPase Reaction Buffer 

Pack (50 mM Tris-HCl, 100 mM NaCl, 2 mM dithiothreitol, 0.1 mM EGTA, 0.01 % Brij 

35, pH 7.5), 2 mM MnCl2 for 30 min at 30°C. Then, the proteins were resolved on SDS-

PAGE and visualized by Western Blotting. 
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2.10 //i vitro ubiquitin binding assay 

Ubiquitin binding assay- GST-TAB2 or GST-TAB3 were co-expressed in HEK293 cells 

and purified by "GST-pulldown". The glutathione-Sepharose bound proteins were 

incubated with or without X phosphatase (NEB) for 30 mins at 30°C. The X, phosphatase 

was removed by extensive washing and incubated for 1 h at 4°C with protein lysates from 

HEK293 cells overexpressing myc-tagged ubiquitin or K63 linked polyubiquitin 

synthesized in vitro using El, Ubcl3/Uevla and CHIP as described [85]. 

2.11 Dual luciferase assay 

NLK "knockdown" and control HEK293 cells were transfected with NFKB or AP-1 

reporter construct (pNFicB-Luc), (pAP-1-Luc), internal control plasmid encoding Renilla-

luciferase (pTK-RL) and indicated plasmids in 6-well plates. The total amount of 

transfected DNA was kept constant by adding empty vector pCMV5. A 10:1 ratio of 

NFKB or AP-1 reporter construct (1 ug, pNFi<B-Luc or pAP-1-Luc) and internal control 

(0.1 ug, pTK-RL plasmid) was used in transfection. Total DNA used was 5 ug per well. 

Cells stimulated with or without TNFa for 8 hours were extracted in passive lysis buffer 

(Promega, Madison, U.S.A.). The NFKB or AP-1 reporter gene activity was measured 

according to Dual-Luciferase Reporter Assay System (Promega). Three independent 

transfections were carried out and the results expressed as the average ± SEM. 

2.12 Western blotting 

The lysate was subjected to SDS-PAGE and gels are transferred to nitrocellulose 

membrane (Schleicher & Schuell (Dassel, Germany) in transfer buffer (500mM Glycine, 

50mM TrisHCl, 0.01% SDS, 20% methanol) buffer at 70V for 3h by the use of an 

electroblotting apparatus. Membranes are washed in TBS-T (lOmM TrisHCl, 

100 mM NaCl, 0.1% Tween at pH 7.4) and then blocked with 5% non-fat milk 

extract in TBS-T for 30min to lh. Membranes are exposed to primary antibody in 

5% non-fat milk prepared in TBS-T for 3h at room temperature to over night at 4°C. 

Membranes are washed with TBS-T three times for ten minutes. Then the membranes are 

incubated with appropriate secondary antibodies coupled to horse radish peroxidase 
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(HRP) for lh at room temperature. After washing the membranes three times for ten 

minutes, signals were visualized using Western Pico Super ECL reagent (Pierce). 

2.13 Cytokine array 

Supernatant media were collected from the cells which were transfected with control 

shRNA or NLK shRNA at time Oh, 3h, 6h and (16h) overnight stimulation of TNFa. 

Control or NLK shRNA transfected cells were kept in the conditional media for 2-3 days 

before proceeding with this experiment. RayBio Human inflammatory Antibody Array 

was used to detect relative the level of (40 different cytokines or chemokines) secreted 

from both sets of cells into culture media. The array analysis and western blot were 

carried out according to the manufacturer's instruction and the cytokines detected by the 

antibody array was analyzed by using Image J software. The relative intensity ratio of 

each spot was calculated as the ratio of [the integrated intensity of cytokines/chemokine 

dot detected divided by the average integrated intensity of 4 positive respective dots 

highlighted in grey] from each blot. [Table shown in Figure 3-19 B] 

2.14 Real time PCR 

Total RNA was extracted from HEK 293 cells using Qiagen RNeasy kit according to the 

manufacturer's instructions. 2 ug of total RNA was reversed transcribed into cDNA for 1 

h at 50°C using using oligo dT primer and reverse transciptase in the presence of RNAse 

inhibitor. Transcribed cDNA template (50 ng) was incubated with 200 nM primers in a 

total volume of 20 ul using KAPA SYBR FAST qPCR kit. GAPDH was used as internal 

control to minimize the error of different input amount. 
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Result Part 1 

NLK downregulates TAK1 activity via TAB2/3 
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3.1 TAB2 and TAB3 are novel binding partners of NLK 

NLK activity is regulated by TAK1 and shown to function in many cellular events 

such as neurogenesis, tumorigenesis, apoptosis and growth.[10, 12, 18-19, 23] However, 

the exact mechanism of how TAK.1 regulates NLK is not fully understood. In addition, 

the roles of TAB 1, TAB2 and TAB3 in the activation of NLK have never been examined 

before. So in this study, we have co-expressed NLK with TAK1 and its associated 

proteins TAB1 (TAK1 binding protein 1), TAB2 (TAK1 binding protein 2) and TAB3 

(TAK1 binding protein 3) and investigated the role of TAB 1/2/3 in TAK1-NLK signaling 

pathway. 

Previous studies in our lab have shown that TAB2/3 tagged with GST or HA 

could only be expressed at very low levels in HEK293 cells. Interestingly, NLK was 

shown to stabilize and enhance the expression of TAB2/3. In comparison with TAK1, 

NLK was able to increase the expression of TAB2/3 to a higher level as shown in Figure 

3-1 A. Since NLK was identified as a member of the MAPK family [6], we also 

investigated whether other members of MAPK can also stabilize and enhance the 

expression of TAB2/3. Thus, GST-p38a was co-expressed with HA-TAB2/3 in HEK293 

cells. Unlike NLK, ectopic expression of p38 does not enhance the expression level of 

TAB2/3, suggesting the novel action of NLK on TAB2 or TAB3. We also found that 

NLK kinase activity is required to enhance the expression of TAB2/3. [Figure 3-1B] 

To investigate their stable interaction, cellular protein lysates of HA-TAB2/3 

coexpressed with GST-NLK were subjected to a GST pull-down and stained with 

Coomassie Blue or analyzed by western blot. Coomassie Blue staining shows the co-

purified bands of GST-NLK and HA-TAB2/3 suggesting that TAB2 and TAB3 are novel 

interacting partners of NLK. The amount of TAB2/3 that co-purified with GST-NLK 

protein suggests that TAB2/3 interacts with NLK in a 0.5:1 stoichiometric ratio. [Figure 

3-1C] 

This finding led us to check whether NLK can also directly interact with TAK1 

and its binding partner TAB 1/2/3, GST-TAK1 or GST-TAB 1/2/3 were co-expressed with 
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myc-NLK in HEK293 cells and the whole cell lysates subjected to a GST pulldown assay. 

As shown in Figure 3-ID, myc-NLK was pulled down by GST-TAK1, GST-TAB2/3 but 

not by GST-TAB1. This indicates that only TAK1 and TAB2/3 could be the direct 

binding partners of NLK. 

To confirm their interaction, HEK293 lysates were incubated with purified GST 

protein, GST-NLK or GST-TAK1 and the presence of endogenous binding proteins were 

analyzed by western blotting using anti-NLK, TAK1, TAB1, TAB2 and TAB3 antibodies 

respectively. Endogenous TAK1 complex consisting of TAK1, TAB1, TAB2 and TAB3 

were pulled down by GST-NLK, not by GST alone. [Figure 3-IE] Similarly, endogenous 

NLK was pulled down by GST-TAK1, but not by GST alone as shown in Figure 3-1 F. 

Altogether, our result suggests that TAB2 and TAB3 are novel binding partners of NLK. 
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Figure 3.1 M K binds to TAB2 and TAB3 

(A) TAK1 and NLK stabilize the expression of TAB2 and TAB3 in cells -

HEK293 cells were transiently transfected with an expression vector for pEBG2T-NLK in 

combination with expression vectors for pEF-6 TAB2-HA or TAB3-HA. pEBG2T-TAKl/p38a 

with PEF6-TAB2-HA or TAB3-HA were expressed as positive and negative controls. HA-

TAB2/3 can only be stably expressed together with GST-NLK or GST-TAK1 but not with GST-

p38a. 

(B) Kinase activity of NLK is required for stabilizing TAB2/3 expression in cells -

HEK293 cells were transiently transfected with HA-TAB2/3 and kinse active or kinase dead 

myc-NLK. The expression of the protein was analyzed by western blotting by using antibodies 

against myc and HA. 
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Figure 3.1 NLK binds to TAB2 and TAB3 

(C) NLK interacts with TAB2/3 -

lmg of whole cell extract of GST-NLK and HA-TAB2/3 from (A) were pulled down with 

glutathione sepharose beads and coprecipitated proteins were stained with Coomassie Blue or 

analyzed by western blotting with indicated antibodies. 

(D) NLK interacts with TAK1, TAB2/3 -

HEK293 cells were transiently transfected with GST-TAK1 or its binding partners GST-

TAB 1/2/3 with NLK-Myc. 0.5mg of cell extracts were affinity purified by using glutathione-

sepharose beads and analyzed the bound proteins by western blotting with indicated antibodies. 
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Figure 3.1 NLK binds to TAB2 and TAB3 

(E) NLK forms a complex with endogenous TAK1 complex -

HEK293 cells were transiently transfected with GST, GST-TAK1 and 1 mg of cell extracts were 

pulled down with glutathione beads and analyzed the western blotting by using antibodies against 

TAK1, TAB1, TAB2 and TAB3. 

(F) TAK1 forms a complex with endogenous NLK -

HEK293 cells were transiently transfected with GST, GST-NLK and 1 mg of cell extracts were 

pulled down with glutathione beads and analyzed the western blotting by using antibodies against 

NLK. 
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3.2 The catalytic domain and ( -terminal extension of NLK are required to interact 

with C terminal region of TAB2 or TAB3 

After showing that TAB2/3 stably interacts with NLK, we attempted to map their 

interaction sites. It was reported that TAK1 interacts with the C-terminal region of TAB2 

and TAB3 as the binding region is located between residues 574-693 of TAB2. [71] 

We tried to map their interaction using truncates of HA-TAB2 and GST-NLK or 

GST-TAK1. Deletion mutants of HA-TAB2 [1-203], [1-318], [1-400], [283-481], [283-

527], [283-588], [283-693], [341-693] and full length HA-TAB2 co-expressed with GST-

NLK or GST-TAK1 in HEK293 cells and the lysates were subject to GST pulldown 

assay. As shown in Figure 3-2A, TAK1 and NLK interacts with C-terminal of TAB2 

[283-588], [283-693] and [341-693] fragments. Therefore, the minimum binding region 

of NLK in TAB2/3 is located between residues 341-588. This data demonstrates that both 

TAK1 and NLK binding region are located in the C terminal region of TAB2. Since the 

TAK1 binding region in TAB2 was previously mapped to residues [574-693] [71], we 

hypothesize that NLK binding site in TAB2 could be located in between residues 341 to 

574. [Figure 3-2A, B] 

In order to prove our hypothesis, we also attempted to map their interaction by 

using the shorter fragments of TAB2 mutants. Unfortunately the result obtained from the 

shorter deletion mutants was not very consistent and we conclude that further deletions of 

TAB2 protein might disrupt the structure of the protein or affect their proper folding. 

We then mapped the TAB2/3 binding site in NLK. Full length GST-TAB2 and 

GST-TAB3 were co-expressed with the truncated mutants NLK [1-454], NLK [43-515], 

NLK [43-417], NLK [43-497], NLK [124-515] and NLK [124-497] and NLK [124-480]. 

As shown in the Figure 3-2C & D, apart from C terminal deletion mutant 1-454, 43-417 

and 124-480, the rest of truncates were all able to enhance the expression of GST-

TAB2/3. 
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The lysates of GST-TAB2/3 and full length myc-NLK or smallest deletion mutant 

myc-NLK [124-497] were subjected to immunoprecipitation (IP) by using anti-HA 

antibodies and the presence of co-IP, myc-NLK was detected by western blotting. This 

result also shows that the kinase domain and C-terminus of NLK might be critical for 

interaction with TAB2/3. [Figure 3-2E] 

We conclude that NLK interacts with C terminal region of TAB2 or TAB3. The 

kinase domain and minimal fragment of C terminal region of NLK [ 124-497] is essential 

for its interaction with TAB2/3. 
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Figure 3.2 Domain mapping of interaction between NLK and TAB2 or TAB3 

(A) C terminus of TAB2 interacts with TAKl and NLK-

HEK293 cells were transiently transfected with full length or deletion mutants HA-TAB2 [1-203], 

[1-318], [1-400], [283-481], [283-527], [283-588], [283-693], [341-693] and GST-NLK or GST-

TAK1. 0.5 mg of cell extracts were pulled down with glutathione beads and co-purifying proteins 

were stained with Coomassie Blue or analyzed by western blot. 

(B) Schematic digrams of TAKl and NLK interacting domains in TAB2 were shown. 

48 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



c 
+ GST-TAB2 

^^ <f 
-, ut 

-

Q 
H M 

-—s 
* t 

-4
5 

*"~' 

^ • ^ 

»/", i — * 

t 

rn 
*T 

^ ~ v 

t -
— t 
rO 
T 

«̂» r-o 
t 
M 
>* 

. 
u", 
— i n 
-r 
fN 

-—v 

f o 

n 

^ 
O 
30 

4-
4 

r> 

i 
z 

g. 

z z z 

I 

a 
z 

I 
I 

z 

u >> I 
I 

z - i z 

Lysate 

IB: 

GST 

Myc 

+ GST-TAB3 

(K
A

 ,—̂  

(K
D

 

t u 

.-̂  
7 
~̂ 

/ > S 

VI 

-5
1 

w T 

^ r-

-4
1 

r»i 
-T 

^̂  p~ 

-4
9 

o 
-r 

_ 
m 
— 

4-
5 

r-l 

_ 
r~ 
c> 

4-
4 

r 1 
~-

i — . 

O 
=o 

4-
4 

r i 

o 

_; 
z 

3 
z 

u 
>. 

•> 

U 
z 

z 

I g. 

z 

u 

z 

:> 
I 

a 
>> 

z 

Lysate 

IB: 

GST 

Myc 

3.2 Domain mapping of interaction between NLK and TAB2 or TAB3 

(C) Mapping the binding region of NLK and TAB2/3 by accessing the stabilization of TAB2/3 

expression by NLK -

HEK293 cells were transiently transfected with myc-NLK Kinase Active, myc-NLK Kinase Dead, 

myc-NLK [1-454], myc-NLK [1-515], myc-NLK [43-417], myc-NLK [43-497], myc-NLK [124-

515], myc-NLK [124-497], myc-NLK [124480] and full length GST-TAB2/3. The expression of 

the proteins was confirmed by western blotting with antibodies against myc and GST. 
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Figure 3.2 Domain mapping of interaction between NLK and TAB2 or TAB3 

(D) Schematic representation of NLK mutants which are used to studied and summarizes the result 

obtained from Figure 3-2C. 

(E) Kinase domain and C terminal extension of NLK is essential for its interaction with TAB2/3-

0.5mg of lysates from (C) were used to perform immunoprecipitation with anti-myc antibody to 

detect the interaction between smallest fragment or full length NLK and GST-TAB2/3. 
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3.3 Phosphorylation of TAB2 and TAB3 by NLK 

After showing that NLK interacts with TAB2/3, we examined whether NLK can 

directly phosphorylate TAB2/3. Interestingly, as shown in Figure 3-1 A, we found that 

HA-TAB2/3 co-expressed with GST-NLK migrated at a slower mobility rate compared 

to proteins co-expressed with GST-TAK1. 

To determine whether the slower migration of HA-TAB2/3 on SDS-PAGE is due 

to the hyper-phosphorylation of TAB2/3 by NLK, HA-TAB2/3 was immunoprecipitated 

using anti-HA antibodies followed by treatment with ^-phosphatase. As shown in Figure 

3-3A, the slow migration of HA-TAB2/3 on SDS-PAGE was reversed by treatment with 

^-phosphatase suggesting that the band shift was caused by the presence of extra 

phosphate groups possibly catalyzed by GST-NLK on HA-TAB2/3. To further 

demonstrate that phosphorylation of TAB2/3 is catalyzed by NLK, we purified GST-

TAB2/3 separately and performed in vitro kinase assay by incubating with kinase active 

or kinase dead myc-NLK [D270A]. Figure 3-3B shows that phosphorylation of TAB2/3 

by NLK can only be achieved by full length kinase active NLK but not by the kinase 

dead mutant of NLK. 

We next investigate whether exogenous NLK is sufficient to phosphorylate 

endogenous TAB2/3 proteins in cells. Therefore, kinase active myc-NLK, kinase dead 

myc-NLK and pCMV-5 empty vector were expressed in HEK293 cells. The lysates were 

immunoprecipitated with anti-TABl antibody to purify TAK1 complex and then 

employed to perform the "mobility shift" assay. As shown in the Figure 3-3C lane 2, 

ectopic expression of kinase active myc-NLK caused the slower migration of TAB2 and 

TAB3 on SDS-PAGE. This result further proves that NLK phosphorylates endogenous 

TAB2 and TAB3 proteins. 
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Figure 3.3 TAB2 and TAB3 are phosphorylated by NLK 

(A) Dephosphorylation of TAB2/3 which is coexpressed with TAK1 or NLK-

HEK293 cells were transfected with expression vectors coding for NLK-Myc and TAB2/3-HA. 

0.5mg of cell lysates were immunoprecipitated with anti-HA antibody and the immunoprecipitates 

treated with ^-phosphatases or wash buffer followed by immunoblotting with anti-HA antibody. 

(B) Kinase active NLK phosphorylates TAB2/3 i/i vitro -

HEK293 cells were used to overexpress GST-TAB2/3. 0.5mg of cell lysates were subjected to 

GST-pulldown and the purified proteins were incubated with NLK kinase active or kinase dead in 

the presence of [y32P] labeled ATP for the indicated times. The loading input of GST tagged 

proteins and Myc tagged NLK.KA or NLK.KD proteins are indicated in the immunoblots. 
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Figure 3.3 TAB2 and TAB3 are phosphorylated by NLK 

(C) Ectopic expression of kinase active NLK causes a slow mobility bandshift in endogenous 

proteins TAB2 and TAB3-

HEK293 cells were transiently transfected with expression vectors coding for NLK-Myc, kinase 

dead NLK [D270A]. 2 mg of lysates were used to perform immunoprecipitation with anti-TABl 

antibody and were checked for the presence of TAK1, TAB1 and TAB2/3 with their respective 

antibodies. 
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3.4 C terminal region of TAB2 is phosphorylated by NLK 

We also attempted to map NLK phosphorylation sites on TAB2. GST-TAB2 

truncates co-expressed with or without myc-NLK in HEK293 cells were subjected to 

GST pulldown and performed an in vitro kinase assay. As indicated in Figure 3-4A lane 

4&5, GST-TAB2 [283-693] and [516-693] were heavily phosphorylated by NLK 

suggesting the NLK phosphorylation sites in the residues between 283 and 693 of TAB2. 

The in vitro kinase assays results are in line with the data obtained from 'mobility shift' 

assay when GST-TAB2 truncates were co-expressed with myc-NLK. As shown in the 

Figure 3-4 B, C terminal fragment of TAB2 [401-693] migrated slower on the SDS-

PAGE in lane 6 and 7 in the presence of kinase active NLK. 

The results obtained from in vitro kinase assay data and "mobility shift" assay 

indicates that C terminal region of TAB2 contains putative phosphoryaltion site of NLK. 

To further map the putative phosphorylation sites, bacteria purified C terminal fragment 

of TAB2 [481-693] was incubated with [y32P] labeled ATP (hot ATP) or unlabeled ATP 

(cold ATP) in the presence of active GST-NLK purified from mammalian cells. [Figure 

3-4C] To further map the NLK phosphorylation residue/residues on TAB2 fragment, 

[y P] labeled GST-TAB2 protein that had been phosphorylated by NLK was digested 

with trypsin and chromatographed on Cig column, which resolve one major tryptic 

phosphopeptide at the fraction number F78. (Figure 3-4D) Unlabled GST-TAB2 proetin 

that have been phosphorylated by NLK was also digested with trypsin and 

chromatographed accordingly. The unlabeled trypic phosphopeptide collected from the 

same fraction number F76 was analyzed by Mass Spectormetry. The peptide was 

identified as residuces 580-596 of NLK phosphorylated at Ser 582 (Figure 3-4D lower 

panel). 
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Figure 3.4 Phosphorylation of TAB2 truncates by NLK 

(A) In vitro phosphorylation of TAB2 truncates by NLK -

HEK293 cells were transfected with the plasmids indicated and subjected to GST pulldown. The 

bound proteins were subjected to in vitro kinase assay at at 37°C for 30min in the presence of 

radioactive labeled [y32P] ATP or unlabelled ATP. Gels were stained with Coomassie Blue and 

autoradiographed at -80°C for overnight. The input of the GST-TAB2 truncates proteins and 

myc-NLK was shown in the anti-GST and anti-myc immunoblots respectively. 
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Figure 3.4 Phosphorylation of TAB2 truncates by NLK 

(B) NLK phosphorylates C terminal region of TAB2 in cells upon overexpression- HEK293 

cells were transiently transfected with deletion mutants of GST-TAB2 [1-400], [481-693], [628-

693] and myc-NLK in HEK293 cells. Cell extracts were analyzed by western blot. 

(C) NLK phosphorylates C terminal region of TAB2 in vitro- 2.0 ug of GST-NLK purified from 

HEK293 cells was incubated with E.coli purified GST-TAB2 [481-693] at 37°C for 30min in 

the presence of radioactive labeled [y32P] ATP or unlabelled ATP. Gels were stained with 

Coomassie Blue and exposed for overnight. The input of purified GST-TAB2 [481-693] was 

shown after Coomassie Blue staining. 
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re 3.4 Phosphorylation of TAB2 truncates by NLK 

(D) Identification of the residues on TAB2 phosphorylated by NLK -

GST-TAB2 [481-693] was phosphorylated with active GST-NLK from (C), denatured in SDS 

and subjected to SDS-PAGE. The band corresponding to [y32P] labelled GST-TAB2 was 

visualized by staining with Coomassie blue [Figure 3-4C], excised and subjected to digestion 

with trypsin. The tryptic phosphopeptides were separated by HPLC on a Vydac CI8 column 

equilibrated in 0.1% (v/v) trifluoroacetic acid. The Column was developed with an acetonitrile 

gradient in 0.1% (v/v) trifluoroacetic acid (borken line). 

The mass of the peptide from peak fraction determined by mass spectrometry corresponded to 

residues 580-596 [SNSISQIPSLEEMQQLR] of TAB2 plus one phosphate group. Ser582 was 

identified as the phosphorylation site by mass spectrometry. Mass Spectrometry analysis was 

kindly performed by Dr. Newman Sze laboratory, SBS, NTU. 
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3.5 Binding of TAB2/3 to NLK doesn't augment its kinase activity 

It was reported that functional interaction between TAK1 and TAB2/3 is essential 

for TAK1 activity in IL-1 and TNF signaling. In addition, co-expression of TAB2/3 with 

TAK.1 also enhances the kinase activity of TAK1. [71] Based on this knowledge, we 

asked whether TAB2/3 can enhance the kinase activity of NLK. Two methods are 

commonly used to assay protein kinase activity. Firstly, phospho antibodies which detect 

the phosphorylation sites in the activation loop of the kinases are used to measure the 

kinase activity of the protein. Based on its homology to MAP kinases and cyclin 

dependent kinases, NLK is predicted to be regulated by phosphorylation on its activation 

loop at Thr 286. Although no one has yet shown a direct correlation of NLK activity and 

Thr 286 phosphorylation in biochemically, mutation of Thr 286 was shown to abolish 

NLK activity and its function in vivo. [6] Since no commercial antibody was available in 

the market at the time of our study, we attempted to raise the phospho Thr 286 antibodies 

against a peptide sequence (CDESRHMpTQEVVTQY). However, the sensitivity of the 

phospho antibody against endogenous NLK protein was very low and did not provide any 

satisfactory results in our study. [Data not shown] 

Therefore, we used a second method, conventional in vitro kinase assay to 

measure NLK activity and its autophosphorylation in vitro. A GST pull down was carried 

out by using co-transfected lysates of GST-NLK and HA-TAB2/3. The co-precipitated 

lysates were subjected to an in vitro kinase assay by incubation with [y32P] labeled ATP. 

We carried out the in vitro kinase assay for different reaction time [from 2 min to 10 min] 

to avoid signal saturation. As shown in the Figure 3-5, the kinase activity of GST-NLK as 

was not further enhanced by co-expression of HA-TAB2/3 for all the time points 

indicated. However, phosphorylation of TAB2 and TAB3 by NLK was detected in all the 

reactions. 

It is a possibility that TAB2/3 did not further increase NLK activity because NLK 

was already fully activated upon expression in HEK293 cells. Therefore, we replaced 

purified GST-NLK with in vitro translated NLK and coincubated with HA-TAB2/3. In 

this case, we used myelin binding protein as the substrate to measure NLK kinase activity. 
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Similar to the results using proteins purified mammalian cells, NLK kinase activity was 

not further enhanced by the presence of TAB2 or TAB3. [Data not shown] 

Collectively, observations from this study suggest that interaction with TAB2 and 

TAB3 does not augment NLK kinase activity. 
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Figure 3.5 TAB2 and TAB3 do not enhance the kinase activity of NLK 

A. GST-NLK was co-expressed with or without HA-TAB2/3 in HEK.293 cells. 0.5 mg of cell lysates 

was mixed with glutathione sepharose beads and GST-pulldown carried out. Purified proteins 

were used to perform an in vitro kinase assay in the presence of radioactive labeled [y32P] ATP at 

30°C for 2 minutes, 5 minutes and 15 minutes respectively. Proteins were stained with Coomassie 

Blue and autoradiographed at -80°C for overnight. 

B. Aliquots of the proteins purified from GST pulldown assay from (A) were checked by western 

blotting with anti-GST and anti-HA antibodies. 
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3.6 Binding of TAB2/3 to NLK does not facilitate the direct activation of NLK by its 

upstream kinases 

Our previous finding show that TAB2 and TAB3 are not required for NLK kinase 

activity and their presence does not enhance NLK activity. Therefore, we asked whether 

TAB2/3 acts as scaffold between TAK1 and NLK to facilitate the direct activation of 

NLK by TAK1. We performed "i« vitro kinase assay" to check whether TAK1 can 

directly phosphorylate NLK in vitro. TAK1 complex consisting of TAK1-TAB1-TAB2/3 

was over-expressed and purified from HEK293 cells and incubated with E.coli purified 

GST-NLK [124-480] in the presence of cold ATP (unlabeled ATP) or hot ATP (y32P 

radioactive labeled ATP) at 30°C for 30 min. However, phosphorylation of NLK by 

TAK1 was not detected in Figure 3-6A, suggesting that TAB2 or TAB3 does not mediate 

NLK activation by TAK1 and TAK1 may not be a direct upstream kinase of NLK. 

And previously, protein kinase HIPK2 has also been reported to function as an 

intermediate between TAK1 and NLK in Wnt signaling. [9] The MAPKK, MKK6 is a 

well known characterized substrate of TAK1 and there is a possibility that MKK6 may 

activate MAPK member NLK. [64] Therefore, it supports the idea of the existence of an 

intermediate kinase between TAK1 and NLK and we tested our hypothesis by including 

MKK6 or HIPK2 in our in vitro kinase assay. [86] [Figure 3-6E] 

Mammalian purified TAK1 complex and E.coli purified GST-NLK [124-480] 

were co-incubated with MBP-MKK6 or HIPK2 in the presence of [y32P] ATP at 30°C for 

30 min reaction. However, phosphorylation of NLK by TAK1 was not detected in the 

presence of either MKK6 or HIPK2 as shown in Figure 3-6C & D. MKK6 

phosphorylation by TAK1 [Figure 3-6C lane 5&7] or autophosphorylation of HIPK2 

[Figure 3-6D lane 3&4] was readily detectable in the autoradiographs indicating that 

purified TAK1 complex or HIPK2 is active. The protein input used in the in vitro kinase 

assay is shown in the SDS-PAGE stained with Coomassie Blue. Altogether our in vitro 

kinase assay results suggest that TAB2/3 does not facilitate the direct activation of NLK 

by its upstream kinases TAK1 or MKK6 or HIPK2. 
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Figure 3.6 TAK1 and HIPK2 are not direct upstream kinases of NLK 

(A) TAK1 is not a direct upstream kinase of NLK -

0.2 pg of TAK1 complex purified from HEK293 cells was incubated with 10 pg of GST-NLK 

[124-480] at 37°C for 30min in the presence of radioactive labeled [y32P] ATP or unlabelled ATP. 

Gels were stained with Coomassie Blue and dried before autoradiography at -80°C for overnight. 

The input of purified MBP-MKK6 and GST-NLK were shown after Coomassie Blue staining. 

(B) The input of TAK1 complex used in the assay was shown in the western blots. 

(C) TAK1 and MKK6 are not direct upstream kinases of NLK -

0.2 pg of TAK1 complex purified from HEK293 cells was incubated with 3 pg of MKK6 and 10 

pg of GST-NLK [124-480] at 37°C for 30min in the presence of radioactive labeled [y32P] ATP or 

unlabelled ATP. Gels were processed similarly as described in (A). 
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Figure 3.6 TAK1 and HIPK2 are not direct upstream kinases of NLK 

(D) HIPK2 is not a direct upstream kinase of NLK -

0.2 ng of TAK1 complex purified from HEK293 cells and/or GST-HIPK2 purified from 0.5 mg of 

lysates were incubated with substrates 10 ng of GST-NLK [124-480] at 37°C for 30min in the 

presence of radioactive labeled [y "P] ATP or unlabel led ATP. Gels were stained with Coomassie 

Blue and dried before autoradiography at -80°C for overnight. The input of purified MBP-MK.K6 

and GST-NLK were shown after Coomassie Blue staining. 

(E) Summary of the in vitro kinase assay reactions performed in Fig A, C and D. Their identities are 

shown as representatives of members of MAPK signaling cascade. 
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3.7 NLK does not disrupt the interaction between TAK1 and its binding proteins 

Next we asked whether NLK binding to TAB2/3 abrogates their interaction with 

TAK1. HEK293 cells were transfected with GST-TAK1, Flag-TABl, HA-TAB2/3 and 

myc-NLK and the cell lysates used for GST pulldown. NLK-myc co-precipitated together 

with TAB2/3 and GST-TAK1 in lane 2 and 3 but not with TAB1 and GST-TAK1 in lane 

1. Since all three proteins TAK1, TAB2/3 and NLK are co-purified as shown in Figure 3-

7A, it suggests that NLK does not compete with TAK1 for TAB2/3 and they may have 

independent binding sites on TAB2/3. 

The independent binding of NLK to TAB2/3 was accompanied by additional 

phosphorylation on TAB2/3 in Figure 3-7B. HEK293 cells were transfected with 

indicated plasmids and the cell lysates were subjected to GST pull down assay. As shown 

in the Figure 3-7B, lanes 3&5 compared with lane 4&6, the slower migration of TAB2 on 

SDS-PAGE suggests that NLK is able to interact with and phosphorylate TAB2 when it 

is bound to TAK1. The similar result obtained for TAB3 as shown in the Figure 3-7B, 

lane 7&9 compared with lane 8&10. 

The result shows that interaction between TAK1 and TAB 1/2/3 is not disrupted 

even when NLK modifies TAB2/3 by phosphorylation. This interaction study suggests 

that NLK could form a supercomplex with TAK1-TAB1-TAB2 or TAK1-TAB1-TAB3 

where it specifically phosphorylates TAB2/3. 
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Figure 3.7 NLK does not disrupt the interaction between I \K 1 and it binding proteins 

(A) NLK does not compete with TAK1 for TAB2/3 -

HEK.293 cells were transiently transfected with plasmids encoding myc-NLK, GST-TAK1 and 

HA-TAB2/3. Whole cell lysates were mixed with glutathione-sepharose beads and GST pulldown 

carried out. The input of the proteins was also shown by western blotting with antibodies against 

GST, myc and HA. 

(B) NLK does not disrupt the interaction between TAK1 and TAB 1/2/3 -

HEK293 cells were transiently transfected with plasmids encoding GST-TAK1-TAB 1-Flag and/or 

TAB2/3-HA in the presence or absence of NLK-myc as indicated. Whole cell lysates subjected to 

GST pulldown with glutathione sepharose beads and bound proteins were determined by anti-GST, 

anti-HA, anti-Flag and anti-Myc antibodies respectively. 
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3.8 NLK suppresses the activation of TAK1 via TAB2 or TAB3 

To gain insight into the functional significance of TAB2 and TAB3 

phosphorylation by NLK, we systematically examined the activity of TAK1 and its 

downstream kinases p38a, JNK and IKK in the presence of exogenous NLK. It has been 

previously shown that phosphorylation of TAB2/3 by p38a is a negative feedback control 

mechanism of TAK1 activity in TAK1-MAPK pathway. [57, 64] 

In this study, we have examined the possibility of negative feedback regulation of 

TAK1 by NLK. Mutational experiments defined Thr-184, Thr-187 and Ser-192 in the 

activation loop as residues important for TAK1 kinase activity. [59, 87] The TAK1 pThr-

187 antibody is widely used by many research groups due to its sensitivity and 

availability; therefore, we have used anti pT187 TAK1 antibody to detect the kinase 

activity of TAK1 in cells. 

To demonstrate that NLK regulates the kinase activity of TAK1 through 

phosphorylation of TAB2/3, we have expressed NLK in a dose-dependent manner with 

the fixed equal amount of GST-TAK1 and HA-TAB2. As shown in the Figure 3-8A lane 

1 and 2, pThr 187 of TAK1 signal was drastically reduced when TAB2 is heavily 

phosphorylated in the presence of high dose of NLK. However, when GST-TAK1 was 

co-expressed with NLK in dose-dependent manner, TAK1 activity or phosphorylation 

was unchanged in the Figure 3-8A from lane 6 to 10. 

To confirm our results obtained with pThrl87 antibody, we have measured the 

kinase activity of TAK1 using MKK6 as substrate [64] in the presence of exogenous 

NLK. Whole cell lysates from HEK293 cells expressing GST-TAK1-TAB 1-Flag and/or 

HA-TAB2, with or without myc-NLK were used to perform GST pulldown assay 

followed by an in vitro kinase assay. As shown in Figure 3-8B lane 8 and 11, MKK6 

phosphorylation by TAK1 and autophosphorylation of TAK1 (measured by Thr 187 

antibodies) were drastically reduced in the presence of kinase active myc-NLK, but not 

with kinase dead NLK. Collectively, our result demonstrates that NLK down-regulates 

the kinase activity of TAK1 via modification of TAB2/3. 
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(A) NLK suppresses activation of TAK1 via TAB2 in dose dependent manner -

HEK293 cells were transfected with fixed amount of plasmid encoding GST-TAK1 and HA-

TAB2 while myc-NLK was transfected in a dose dependent manner. Whole lysates were 

immunoblotted anti-phospho Thr 187 TAK1, anti-GST, HA & myc antibodies respectively. 
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Figure 3.8 Inhibition of TAK1 activity by NLK requires TAB2 or TAB3 

(B) NLK suppresses the activation of TAK1 via TAB2 or TAB3-

HEK293 cells were transfected with plasmids encoding GST-TAK1-TAB 1-Flag, GST-TAK1-

TAB2-HA and/or TABl-Flag in the presence or absence of NLK-Myc. 0.5 mg of cell lysates were 

subjected to GST-pulldown assay and TAK1 kinase activity was measured by an in vitro kinase 

assay using MKJC6 as a substrate and [y32P]ATP at 30°C for 5 minutes. The lysates were also used 

to measure TAK1 kinase activity by anti-phospho Thr 187 TAK1 antibody. The lysates were 

immunoblotted with anti-GST, anti-flag, anti-HA and anti-myc antibodies to ensure equal loading 

of input. 
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3.9 NLK knockdown increases TAK1 activation 

We then examined the effect of shRNA mediated NLK knockdown on TAK1 

activity in cells. To check the efficiency of the knockdown in cells, HEK293 cells were 

transfected with five shRNA constructs targeting different regions of the NLK mRNA 

and a plasmid bearing GST-NLK or myc-NLK [Fig. 3-9A]. Among the five contructs, 

NLK shRNA5 construct was found to be the most effective followed by NLK shRNA3 

and subsequently used to silence expression of endogenous NLK in this study. 

We tested the effect of NLK knockdown on TAK1 activity by using pT187 

antibody or performing in vitro kinase assay. Endogenous TAK1 was 

immunoprecipitated from the cells expressing NLK shRNA or scrambled shRNA and the 

activity of TAK1 probed with pThrl87 antibody. Cells with NLK "knocked down" 

showed a drastic increase in Thrl87 phosphorylation both in unstimulated or stimulated 

with TNFa for 2 min and 5 min [Figure 3-9B]. The activity of immunoprecipitated 

endogenous TAK1 was also assayed directly using [y32P] ATP and MKK6 as substrate. 

TAK1 from cells with NLK "knocked down" displayed a higher activity (indicated by 

increased phosphorylation of its substrate MKK6) compared to cells expressing 

scrambled shRNA at zero time point or indicated time points of TNFa stimulation 

(Figure 3-9B). This shows that TAK1 is negatively regulated by NLK even under basal 

resting conditions. 

The experiments performed in Figure 3-9B were repeated by using shRNA 3 

which achieved more than 50% NLK knockdown efficiency as shown in Fig 3-9A. 

Consistent with the results obtained with shRNA5, increased TAK1 activity (indicated by 

increased phosphorylation of TAK1 T187) was also observed in NLK depleted cells 

compared with control cells. [Figure 3-9D] 

Next we checked whether NLK also negatively regulate duration of TAK1 

activation upon cell stimulation. Cells transfected with NLK shRNA5 or control scramble 

shRNA were stimulated with TNFa for different times [2, 5, 10, 20, 60 and 120 min] and 

TAK1 activity was measured by using pT187 antibodies. The result shown in Figure 3-
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9C illustrates that phosphorylation of Thrl87 on TAK1 is highest after 5-10 min of 

stimulation. The phosphorylation was diminished at 60 min or 120 min in both NLK 

knocked down or control cells suggesting that NLK does not affect the duration of TNFa 

mediated TAK1 activation in cells. 

We also proved that an increase in Thrl87 phosphorylation or activity of TAK1 is 

due to the depletion of NLK. NLK knockdown cells were rescued by expression of a wild 

type or NLK plasmid that is sensitive or resistant to shRNA knockdown respectively. 

After stimulation with TNFa, phosphorylation of TAK1 at T187 residue was lower in 

cells expressing the shRNA resistant NLK plasmid compared to the wild type NLK 

plasmid. [Figure 3-9E] Depletion of endogenous NLK expression in knockdown cells 

was shown by western blotting of cell lysates using anti-NLK antibody. [Figure 3-9B-E] 

To summarize the results obtained from this section, the band intensity of 

immunoblot of phospho T187 TAK1 and total TAK1 were analyzed by image J software. 

As shown in Figure 3-9F, the bar graphs represents the two to three fold increase in 

TAK1 activity in NLK knockdown cells with respect to control cells [Figure 3-9 B or D] 

or cells which were rescued with shRNA resistant NLK [Figure 3-9 E]. In this regard, our 

finding reveals that NLK suppresses the activity of TAK1 in TNFa signaling. 
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Figure 3.9 NLK inhibits TAK1 activation in cells 

(A) Testing the efficiency of 5 different constructs of NLK shRNA -

HEK293 cells were co-transfected with plasmids encoding myc-tagged or GST-tagged NLK and 

five different shRNA plasmid constructs targeting NLK or control "scrambled" plasmid. Protein 

lysates were probed by western blotting with anti-myc, anti-GST and anti-actin antibodies. 

(B) NLK knockdown increases TAK1 activation in cells -

HEK293 cells expressing "scrambled" shRNA or shRNA targeting NLK (NLK shRNA 5) were 

incubated in complete media and starved in media without FBS and stimulated with TNFa for the 

time indicated. Endogenous TAK1 was immunoprecipitated from 0.1 mg or 1 mg of protein 

lysates with anti-TAKl antibody and subjected to an in vitro kinase assay using MKK6 as 

substrate followed by SDS-PAGE and autoradiography or probed for phosphorylation on Thrl87 

by western blotting with phospho-TAKl [pThrl87] antibody. 
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Figure 3.9 NLK inhibits TAKl activation in cells 

(D) NLK knockdown increases TAKl activation mediated by TNFa -

HEK293 cells expressing "scrambled" shRNA or shRNA targeting NLK (NLK shRNA 3) were 

starved in media without FBS and stimulated with TNFa for the times indicated. 

(E) NLK knockdown increases TAKl activation mediated by TNFa-

NLK knockdown NLK HEK293 cells, expressing NLK targeting shRNA5 with wild type pCMV-

5 myc-NLK or shRNA resistant pCMV5-myc-NLK were starved and stimulated with TNFa for 

the times indicated. Endogenous TAKl was immunoprecipitated from 1 mg of protein lysates with 

anti-TAKl antibody and probed for phosphorylation on Thrl87 by western blotting with phospho-

TAK1 [pThrl87] antibody. The amount of immunoprecipitated TAKl with associated TAB2 and 

TAB3 were checked by western blotting with their respective antibodies. Total NLK and actin 

were checked in the protein lysates by immunoblotting with anti-NLK and anti-actin antibodies. 
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Figure 3.9 NLK inhibits TAKl activation in cells 

(F) Densitometric analysis of pThrl87 and total TAKl immunoblots in NLK knockdown cells and 

control cells from Figs [B, C, and D] is analyzed by using image J software. The Y axis represents 

the relative band intensity of pThrl87 signal divided by total TAKl signal. The results are 

representative of two indpendent experiments. 
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3.10 NLK knockdown increases the activation of p38, JNK and IKK signaling 

pathways 

Since p38, JNK and NFKB are known downstream effector molecules of TAK1; 

we examined the activity of those proteins in NLK knockdown cells. By using phospho-

antibodies against p38, IKB and JNK, we have assayed their activation levels upon 

stimulating the cells with cytokine TNFa or IL-ip. The protein lysates were probed with 

phospho-antibodies against Thrl80/Tyrl82 of p38a, Thrl83/Tyrl85 of JNK and Ser32 of 

IKB respectively. [Refer to the simple signaling digram shown in Figure 3-10E] 

Phosphorylation of p38 and JNKs was increased throughout the time course of 

TNFa stimulation in cells which are transfected with shRNA 5 or shRNA 3 compared 

with control cells. [Figure 3-10 A&B] But we failed to detect drastic changes in the 

phosphorylation of IKB in NLK knockdown cells compared with control. It could be due 

to the fact that the half life of IKB is very short upon phosphorylation. Phosphorylated 

IKB is quickly recognized and degraded by proteasome dependent mechanism.[63] 

Phosphorylation on Ser32 of IKB was moderately higher at 2 mins and 5 mins after 

TNFa stimulation in NLK "knockdown" cells compared to control. [Figure 3-10 A and B] 

Densitometric analysis and western blots from Figure 3-10A suggest that NLK 

knockdown cells show two to three fold increase in phosphorylation of p38a, JNKs and 

IKB after activation by TNFa compared to the control cells. 

As control, the cells were rescued by expression of NLK plasmid that is sensitive 

or resistant to shRNA knockdown respectively. After stimulation with TNFa, 

phosphorylation of p38a, JNK1 and JNK2 were lower in cells expressing the shRNA 

resistant NLK plasmid compared to the wild type NLK plasmid. The disappearance of 

total IKB was slightly faster in cells expressing the wild type NLK plasmid. [Figure 3-10 

C] These results show that in "NLK knockdown" cells which are rescued with the 

shRNA resistant NLK plasmid, TAK1 activity is suppressed and subsequently leads to 

the inhibition of downstream signaling. 
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To show that the results obtained from this study is not cell line specific and 

reflects the true physiological function of NLK we have performed the same experiments 

using HeLa cells. And we tested the activation level of p38a, JNKs and phosphorylation 

of IKB mediated by IL-ip. Upon stimulation with IL-ip at 3 min, 10 min and 20 min, 

NLK knocked down cells showed enhanced phosphorylation of p38ct, JNK2 or IKB 

compared with control cells. [Figure 3-10D] Densitometric analysis indicates that IL-ip 

induced phosphorylation of p38a, JNK2 and IKB is enhanced by approximately two-fold 

in NLK depleted cells. Figure 3-1 OF illustrates the TNF and IL-1 mediated 

phosphorylation of kinases used in this section and summarizes the experimental findings. 

Overall, NLK depletion in HEK293 or HeLa cells leads to enhanced TNF and IL-

1 mediated activation TAK1 and its downstream kinases approximately up to two to three 

fold. The result also suggests that the enhanced activation of the p38a, JNKs and the 

NFKB pathways in the absence of NLK is mediated by upregulation of TAK1 activity. 
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Figure 3.10 Activation of p38a. JNKs and IKK are increased in NLK knockdown cells stimulated 
with TNFa and I L i p 

(A) Activation of p38cu JNKs and IKK are increased in NLK knockdown cells stimulated with 

TNFa-

HEK293 cells, expressing "scrambled" or NLK targeting shRNA5 were starved and stimulated 

with TNFa for the times indicated. Protein lysates were examined for activation of p38a, JNK1 & 

2 or NFKB by western blotting with phospho-p38a [pThrl80/pTyrl82], phospho-JNK 

[pThrl83/pTyr!85] and phospho-lKB [Ser32] antibodies respectively. Protein lysates were also 

probed for total p38a, JNK1 & 2 and IKB. NLK knockdown efficiency and loading control was 

checked by immunoblotting with anti-NLK and anti-actin antibodies. 
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Figure 3.10 (A) Activation of p38a, JNKs and IKK are increased in NLK knockdown cells stimulated 

with TNFa -

Relative band density of the phospho-proteins divided by total integrated density of the total proteins 

[p38ct, JNK and IKB] from Figure 3.10 (A) were analyzed by Image J software and represented in the bar 

graph. Western blots with the same exposure time from both "knockdown" and control cells were used in 

densitometric analysis. Results are representative of two independent experiments. 
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Figure 3.10 Activation of p38a, JNKs and IKK are increased in NLK knockdown cells stimulated 

with TNFa and IL-ip 

(B) Activation of p38a, JNKs and IKK are increased in NLK knockdown cells stimulated with 

TNFa-

HEK293 cells, expressing "scrambled" or NLK targeting shRNA3 were starved and stimulated 

with TNFa for the times indicated. Protein lysates were examined for activation of p38ot, JNK1 & 

2 or NFKB by western blotting with phospho-p38a [pThrl80/pTyrl82], phospho-JNK 

[pThrl83/pTyrl85] and phospho-IicB [Ser32] antibodies respectively. Protein lysates were also 

probed for total p38a, JNK1 & 2 and IKB. NLK knockdown efficiency and loading control was 

checked by immunoblotting with anti-NLK and anti-actin antibodies. 
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Figure 3.10 Activation of p38a, JNKs and IKK are increased in NLK knockdown cells stimulated 

with TNFa and IL-ip 

(C) Activation of p38a, JNKs and IKK are increased in NLK knockdown cells stimulated with 

TNFa-

HEK293 cells, expressing NLK targeting shRNA5 with wild type pCMV-5 myc-NLK or shRNA 

resistant pCMV5-myc-NLK were starved and stimulated with TNFa for the times indicated. 

Protein lysates were examined for activation of p38a, JNK1 & 2 or NFKB by western blotting with 

phospho-p38a [pThrl80/pTyrl82], phospho-JNK [pThrl83/pTyrl85] and phospho-IicB [Ser32] 

antibodies respectively. Protein lysates were also probed for total p38a, JNK1 & 2 and IKB. NLK 

knockdown efficiency and loading control was checked by immunoblotting with anti-NLK and 

anti-actin antibodies. 
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Figure 3.10 Activation of p38a, JNKs and IKK are increased in NLK knockdown cells stimulated 

with TNFa and IL-ip 

(D) Activation of p38ct, JNKs and IKK are increased in NLK knockdown cells stimulated with 

IL- ip-

HeLa cells expressing "scrambled" or NLK targeting shRNA5 were starved and stimulated with 

TNFa for the times indicated. Protein lysates were examined for activation of p38a, JNK 2 or 

NFKB by western blotting with phospho-p38a [pThrl80/pTyrl82], phospho-JNK. 

[pThrl83/pTyrl85] and phospho-IicB [Ser32] antibodies respectively. Protein lysates were also 

probed for total p38a, JNK 2 and IKB. NLK knockdown efficiency and loading control was 

checked by immunoblotting with anti-NLK and anti-actin antibodies. 
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Figure 3.10 (D) Activation of p38a, JNKs and IKK are increased in NLK knockdown cells stimulated 

with 11-13 

The relative band density of the phospho-protein divided by total integrated density of the total proteins 

[p38a, JNK2 and IKB] from Figure 3.10 (D) were analyzed by Image J software and represented in the bar 

graph. Results are representatives of two independent experiments. 
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Figure 3.10 Activation of p38a, JNKs and IKK are increased in NLK knockdown cells stimulated 

with TNF a and IL-lp 

(E) Schematic diagram of IL-1 and TNF induced activation and/or phosphorylation of TAKl and its 

downstream signaling protein p38, JNK and IKB. The phosphorylation sites that are used to 

measure their activity in this study are also indicated in the diagram. 

(F) The summary of results obtained from Figure 3.10 A to D. The different intensity of the protein 

phosphorylation detected in our study is indicated in (+) sign. Higher level of phosphorylation is 

denoted as (+++, ++) while lower level of phosphorylation signal detected is represented as (+). 
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Result Part 2 

NLK negatively regulates NFKB and AP-1 signaling 
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3.11 NLK inhibits TAB2/3 mediated activation of NFKB 

In cells, TAK1 is activated by TRAF6 (an E3 ubiquitin ligase) which synthesizes 

K63-linked polyubiquitin chains to which TAB2/3 binds preferentially through the NZF 

domain. Mutation of the NZF domain abolishes the ability of TAB2 and TAB3 to 

activate TAK1 and IKK, whereas the replacement of the NZF domain with a 

heterologous ubiquitin-binding domain restores the function of TAB2 and TAB3. This 

suggests that ubiquitin-binding by TAB2/3 is necessary for activating TAK1 and NFKB. 

[56-57, 65, 88] Many reports have shown that TAB2 and TAB3 are indispensable for 

activation of IKK and subsequent activation of NFKB genes. [65, 67, 89] Based on this 

knowledge, we tested whether NLK directly inhibits polyubiquitin binding by TAB2/3 

and the inhibition of the NFKB pathway. 

Using a NFKB luciferase linked reporter gene, activation was observed when 

TAB2 or TAB3 were expressed alone. When TAB2 or TAB3 were co-expressed with 

NLK, there was a significant reduction in reporter gene activation. Similarly, when 

TAK1, TAB1 and/or TAB2/3 were co-expressed with NLK, a decrease in activation of 

NFKB luciferase reporter gene was observed as shown in [Figure 3-11A]. GST protein 

with or without myc-NLK showed no activation of the NFKB reporter and is included as 

a negative control in this experiment. The expression level of proteins used in the assay 

are shown in Figure 3-1 IB. The hyper-phosphorylation of TAB2/3 by NLK was observed 

in lanes 2, 4, 6, 8, 10 and 12 of Figure 3-1 IB and correlates with the inhibition of NFKB 

reporter gene activation seen in Figure 3-11 A. Therefore, this finding led us to the 

hypothesis that NLK might impair the function of TAB2/3 through phosphorylation. 

To find out the possible molecular mechanisms of NLK inhibition on TAB2/3, 

GST pull down assay was carried out with GST-TAK1 after cells were transfected with 

TAB 1 and/or TAB2 either in the presence or absence of NLK. The precipitated proteins 

were probed with anti-ubiquitin antibodies. As shown in Figure 3-11C, the characteristic 

ubiquitin smear was only observed in lane 3 to 6 when TAB2 was co-expressed with 

TAK1 or TAK1-TAB1. The experimental data suggests that polyubiquitin chain is 

attached to TAB2, but not on TAK1 or TAB 1. 
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To our surprise, we failed to detect the presence of ubiquitin smear where NLK 

was co-expressed with TAK1-TAB2 or TAK1-TAB1-TAB2 in Figure 3-11C lane 3 and 5. 

Collectively, our results suggest that NLK may affect the polyubiquitin binding function 

of TAB2 and TAB3 in cells and inhibit TAB2/3 mediated activation of NFKB. 
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lire 3-11 NLK inhibits activation of NFKB pathway 

(A) NLK suppresses TAK1 mediated activation of NFKB gene through TAB2 and TAB3-

HEK293 cells were co-transfected with plasmids encoding the indicated combinations of proteins, 

NFKB reporter activated firefly luciferase and control renilla luciferase. The cells were harvested 

and the protein lysates assayed for expression of firefly luciferase. Assays were done in triplicate 

and the results shown are the mean ± SEM from three independent experiments. 
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Figure 3-11 NLK inhibits activation of NFKB pathway 

(B) Protein lysates from (A) were probed for protein expression with GST, FLAG, HA and Myc 

specific antibodies. 
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Figure 3-11 NLK inhibits activation of NFKB pathway 

(C) NLK reduces polyubiqutin binding of TAB2 in cells -

HEK293 cells were transfected with plasmids encoding GST-TAK1, FLAG-TAB 1 and/or HA-

TAB2. 0.5 mg of cell extracts were subjected to GST pull down and immunoblotted with anti-

ubiqutin, HA, myc and GST antibodies. 
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3.12 NLK reduces the polyubiquitin binding ability of TAB2 and TAB3 

To further confirm the experimental findings from result section 3.11, we 

investigated whether polyubiqutin binds to TAB2/3 by non-covalent interaction and is 

required for NFKB activation. NZF and CUE domains of TAB2 and TAB3 are essential 

for non covalent interaction with polyubiquitin chains and their optimum function in IL 1 

and TNF signaling. Therefore, wild type or NZF and CUE domain deletion mutants of 

TAB3 were transfected with NFKB luciferase reporter gene in HEK293 cells and measure 

the activiation of NFKB. AS shown in the Figure 3-12A, wild type TAB3 can achieve 

high level of activation of NFKB reporter gene. However, NZF and/or CUE domain 

deletion mutants of TAB3 show lower activation of the NFKB reporter compared to wild 

typeTAB3. 

Next we examined whether NLK directly modulates the ubiquitin binding ability 

of TAB2 and TAB3. GST-TAK1-TAB2-HA or GST-TAK1-TAB3-HA were co-

expressed with wild type or ubiquitin binding domain deletion mutants of TAB2 and 

TAB3 in the presence or absence of exogenous myc-NLK (Fig. 3-12B and C). TAK.1 

complexes were then subjected to GST pulldown and immunoblotted for the presence of 

ubiquitin chains. Polyubiquitin chains bound to TAB2 (Fig. 3-12B, lane 2) or TAB3 

(Fig.3-12C, lane 2) complexed with GST-TAK1 were readily detectable but reduced in 

the presence of NLK (Fig. 3-12B, lane 1 and Fig. 3-12C, lane 1). NZF and CUE-NZF 

mutants of TAB2 and TAB3 show no binding of ubiquitin chain (Fig. 3-12B, lanes 3-6 

and Fig. 3-12C, lanes 3-6) This result is consistent with low level activation of NFKB 

gene by NZF and CUE-NZF mutants of TAB3 [Figure 3-12A] indicating the relationship 

between polyubiquitin binding by TAB2/3 and NFKB gene activation. In agreement with 

other reports [65, 67]; we also showed here that non-covalent poly ubiqutin binding is 

essential for NFKB gene activation. 

To demonstrate that NLK regulates the ubiquitin binding ability of TAB2/3, a 

dose dependent expression of NLK plasmid was performed with fixed amount of TAK1 

complex in HEK293 cells. GST-TAK1 complex from cell lysates were affinity purified 

with GST beads and checked for ubiquitin binding by TAB2 and TAB3. The amount of 
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detectable ubiquitin smears on the western blot was proportionally reduced with the 

increasing level of phosphorylation as indicated by slower migrating bands of TAB2/3 in 

Figure 3-12 D and E. 

In conclusion, these results indicate that the ubiquitin binding ability of TAB2/3 

was modulated by NLK. 
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Figure 3.12 Polyubiquitin chain binding by TAB2 and TAB3 are reduced by NLK 

(B) NLK decreases polyubiquitin binding of TAB2 -

HEK293 cells were transfected with plasmids encoding the indicated proteins. GST-tagged 

TAK1 and TAB2 were purified from 0.5 mg of cell lysates by "GST pulldown" with 

glutathione-Sepharose beads and denatured in SDS sample buffer. The purified proteins were 

resolved by SDS-PAGE and immunoblotted with antibodies specific for ubiquitin and HA. 

Protein lysates were immunoblotted for expression of epitope tagged proteins with anti-GST, 

anti-myc and anti-HA antibodies. 
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Figure 3.12 Poly ubiquitin chain binding by TAB2 and TAB3 are reduced by NLK 

(C) NLK decreases polyubiquitin binding of TAB3 -

HEK293 cells were transfected with plasmids encoding the indicated proteins. GST-tagged TAK.1 

and TAB3 were purified from 0.5 mg of cell lysates by "GST pulldown" with glutathione-

Sepharose beads and denatured in SDS sample buffer. The purified proteins were resolved by 

SDS-PAGE and immunoblotted with antibodies specific for ubiquitin and HA. Protein lysates 

were immunoblotted for expression of epitope tagged proteins with anti-GST, anti-myc and anti-

HA antibodies. 
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Figure 3.12 Polyubiquitin chain binding by TAB2 and TAB3 are reduced by NLK 

(D) NLK reduces polyubiqutin binding of TAB2 in dose dependent manner -

HEK293 cells were transfected with plasmids encoding the indicated proteins with kinase active 

myc-NLK in a dose dependent manner. Empty plasmid pCMV-5 was used to normalize with the 

different amount of myc-NLK for transfection. GST-tagged TAK1 and TAB2 complex were 

purified from 0.5mg of cell lysates by "GST pulldown" with glutathione-Sepharose beads and 

denatured in SDS sample buffer. The purified proteins were resolved by SDS-PAGE and 

immunoblotted with antibodies specific for ubiquitin and HA. Protein lysates were immunoblotted 

for expression of epitope tagged proteins with anti-GST, anti-myc and anti-HA antibodies. 
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Figure 3.12 Polyubiquitin chain binding by TAB2 and TAB3 are reduced by NLK 

(E) NLK reduces polyubiquitin binding of TAB3 in dose dependent manner -

HEK293 cells were transfected with plasmids encoding the indicated proteins with kinase active 

myc-NLK in a dose dependent manner. Empty plasmid pCMV-5 was used to normalize with the 

different amount of myc-NLK for transfection. GST-tagged TAK1 and TAB3 complex were 

purified from 0.5mg of cell lysates by "GST pulldown" with glutathione-Sepharose beads and 

denatured in SDS sample buffer. The purified proteins were resolved by SDS-PAGE and 

immunoblotted with antibodies specific for ubiquitin and HA. Protein lysates were immunoblotted 

for expression of epitope tagged proteins with anti-GST, anti-myc and anti-HA antibodies. 

96 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



3.13 NLK does not abrogate the physical interaction between TAB2 and TRAF2/6 

Previous finding led us to test two possible hypotheses of NLK action on TAB2/3. 

Firstly we asked whether NLK alters the conformation of TAB2/3 by phosphorylation 

and subsequently abrogates the ubiquitin binding function of TAB2/3. Alternatively, 

phosphorylation on TAB2/3 disrupts the interaction between TAB2/3 and its interacting 

partners TRAFs which catalyze K63-linked polyubiquitin chain. 

As we described earlier, polyubiquitin binding of TAB2 and TAB3 and activation 

of TAK1 and IKK in IL-1 or TNFa pathway is dependent on the physical interaction 

with ubiquitin ligases TRAFs which synthesize K63 linked polyubiquitin chains upon 

signal activation. [65, 67] Therefore, NLK might abrogate the physical interaction 

between TRAFs and TAB2/3 and lead to subsequent reduction of polyubiquitin binding 

by TAB2/3. Previously, SMAD7 was shown to down-regulate NFKB activity by blocking 

the interaction between TAB2 or TAB3 and upstream signaling components TRAF2 in 

TNF pathway. [91] 

To address our second hypothesis, GST-TAK1, HA-TAB2 and Flag-TRAF2/6 

were co-expressed in the presence of kinase active or kinase dead myc-NLK. The cell 

lysates were used to perform GST pulldown and immunoprecipitation followed by 

immunoblotting with specific antibodies. As shown in Figure 3-13B and C, TAB2 was 

efficiently pulled down by Flag-TRAF2/6 or GST-TAK1 regardless of whether 

exogenous NLK is present. The physical interaction between (TAK1-TAB2) and 

TRAF2/6 is not affected by ectopic expression of NLK. Altogether our finding indicates 

that NLK does not abrogate the physical interaction between TRAFs and TAB2/3. 
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Figure 3.13 NLK does not abrogate the physical interaction between TRAFs and TAB2/3 

(A) The schematic diagram illustrates the signal activation of IKK by TAK1 activation complex 

(TRAF6, TAB2/3 and TAK1-TAB1). TAB2 recruits K63 linked poly ubiquitinated TRAF6 

through direct interaction or interaction with polyubiquitin chains via NZF domain and facilitates 

the autophosphorylation of TAK1. Assembly of dimers or oligomers of TAK1 and TAB2/3 on 

TRAF6 is important for activation of IL-1 mediated TAK1 and NFKB gene activation in vivo. The 

figure is adopted and modified from reference [88]. 
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Figure 3.13 NLK does not abrogate the physical interaction between TRAFs and TAB2/3 

(B) NLK does not abrogate the physical interaction between TRAF6 and TAK1 or TAB2 -

HEK293 cells were transiently transfected with GST-TAK1, HA-TAB2, Flag-TRAF6 and myc-

NLK KA or NLK KD [D270A]. 0.5mg of cell lysates were used to perform GST pull down and 

immunoprecipitation. The purified proteins were resolved by SDS-PAGE and immunoblotted with 

antibodies specific for Flag and HA. Protein lysates were immunoblotted for expression of epitope 

tagged proteins with anti-GST, anti-Flag, anti-myc and anti-HA antibodies. 

(C) NLK does not abrogate the physical interaction between TRAF2 and TAK1 or TAB2 -

HEK293 cells were transiently transfected with GST-TAK1, HA-TAB2, FLAG-TRAF2 and myc-

NLK KA (kinase active) or NLK KD [D270A]. 0.5mg of cell lysates were used to perform GST 

pull down and immunoprecipitation. The purified proteins were resolved by SDS-PAGE and 

immunoblotted with antibodies specific for FLAG and HA. Protein lysates were immunoblotted 

for expression of epitope tagged proteins with anti-GST, anti-Flag, anti-myc and anti-HA 

antibodies. 
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3.14 Phosphorylation directly modulates ubiquitin binding ability of TAB2/3 in vitro 

We next examined the first hypothesis of whether TAB2 and TAB3 

phopshorylation by NLK directly modulates their ability to bind the polyubiquitin chains. 

Since TAB2 and TAB3 contain the NZF and CUE ubiquitin binding domains [56], NLK 

phosphorylation could cause conformational changes in ubiquitin binding domain of 

TAB2/3and inhibits its binding to poly ubiquitin chains. 

GST-TAB2 or GST-TAB3 was co-expressed with NLK in HEK293 cells 

followed by GST pulldown and dephosphorylated with X phosphatase. Both phosphatase 

treated and untreated GST-TAB2 and GST-TAB3 were then washed extensively to 

remove X phosphatase followed by incubation with K48 linked and K63 linked 

polyubiquitin chains synthesized in vitro using bacterial expressed Ubcl3/Uevla and 

CHIP [85]. In line with the findings from other groups, we also demonstrated that GST-

TAB2 and GST-TAB3 show increased binding to K63 linked polyubiquitin chain, not to 

K48 linked poly ubiqutin chains in an in vitro assay. [Figure 3-14A lane 3&4 compared 

to lane 5&6 both upper and lower panels] In addition, dephosphorylated TAB2 and 

TAB3 shows the increased binding of K63 linked polyubiquitin chains in Figure 3-14A 

lane 4. 

A similar experiment was performed with protein lysates containing over-

expressed myc-tagged ubiquitin. Dephosphorylated GST-TAB2 and GST-TAB3 treated 

with X phosphatase displays faster electrophoretic mobility (Figure 3-14C, lanes 2, 4, 6, 8) 

compared with untreated phosphorylated proteins (Figure 3-14C, lanes 1, 3, 5, 7). 

Polyubiquitin chains bound much more readily to dephosphorylated GST-TAB2 (Figure 

3-14C, lane 2) and GST-TAB3 (Figure 3-14C, lane 6) compared to the phosphorylated 

GST-TAB2 (Figure 3-14C, lane 1) and GST-TAB3 (Figure 3-14C, lane 5). The result 

obtained from Figure 3-14A and C are summarized in table 3-14D. 

This finding from in vitro ubiquitin binding assay suggests for the first time that 

phosphorylation on TAB2/3 has a negative effect on their ubiquitin binding ability. 
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Therefore, the evidence led us to conclude that NLK regulates NFKB signaling through 

phosphorylating TAB2 and TAB3. 
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Figure 3.14 Polyubiquitin chain binding by TAB2 and TAB3 are reduced by phosphorylation 

(A) Dephosphorylated TAB2 and TAB3 bind K-63 linked polyubiquitin chain more efficiently -

HEK293 cells were co-transfected with plasmids encoding Flag-NLK and GST-TAB2 or GST-

TAB3. The GST-tagged proteins were affinity purified from 1 mg of lysates by glutathione-

Sepharose beads and treated with or without X phosphatase and incubated with K48 linked or K63 

linked polyubiquitin chains synthesized by Ubcl3/Uevla and CHIP. In K48 linked reaction, 

purified K.48 only ubiquitin mutant proteins were used while wild type ubiquitin proteins were used 

for K63 linked polyubiquitin chain synthesis. 1 ul of K48 and K63 linked polyubiquitin chains from 

20 ul reaction was used in the experiment. The protein bound glutathione-Sepharose beads were 

washed extensively and subjected to SDS-PAGE followed by immunoblotting with anti-ubiquitin, 

GST and FLAG antibodies. 
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Figure 3.14 Polyubiquitin chain binding by TAB2 and TAB3 are reduced by phosphorylation 

(B) The inputs of the proteins used in Fig A were detected by western blotting with anti-GST and 

FLAG antibodies. 
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Figure 3.14 Polyubiquitin chain binding by TAB2 and TAB3 are reduced by phosphorylation 

(C) Dephosphorylated TAB2 and TAB3 bind polyubiqutin chains more efficiently - The protein 

lysates were prepared and the experiment performed as in (A) except polyubiquitin chains were 

prepared from 0.1 mg of HEK293 cellular lysates containing over-expressed myc-tagged ubiquitin. 

The protein bound glutathione-Sepharose beads were washed extensively, subjected to SDS-PAGE 

and immunoblotted with anti-myc, GST and FLAG antibodies. 

(D) Table summarizes the results obtained from Figure A and C. 
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3.15 NLK inhibits NFKB signaling by modulating TAB2/3 function 

To validate the hypothesis that NLK suppresses NFKB signaling by inhibiting the 

ubiquitin binding funciton of TAB2 and TAB3, NLK shRNA or scrambled shRNA were 

expressed in HEK293 cells and the cells were stimulated with TNFa for 0 to 10 min. 

TAK1 was immunoprecipitated from whole cell extracts and probed for the presence of 

polyubiquitin chains in respone to TNFa signaling. Ubiquitin binding was undetectable 

in the control cells expressing scrambled shRNA. [Figure 3-15A lane 5 and 6] However, 

in NLK "knockdown" cells ubiquitin bound to the TAK1 complex was readily observed 

and increased with the duration of TNFa stimulation. [Figure 3-15A lane 2 and 3] 

Phosphorylation of TAK1 on Thrl87 was also enhanced in NLK "knockdown" cells 

showing that the amount of polyubiquitin chain binding has a direct effect on TAK1 

activity. [Figure 3-15A] 

We also tested the activation of the NFKB reporter gene in NLK knockdown and 

control cells after stimulation with TNFa for 8 hours. In control cells, TNFa stimulation 

caused a robust increase in NFKB activity. However, in NLK "knockdown" cells, NFKB 

activation was increased a further two fold compared to control cells. [Figure 3-15B] 

We also demonstrate that the increase in NFKB activity in NLK knockdown cells 

is due to the depletion of NLK, not because of secondary effects from off-target protein 

depletion in our protein knockdown study. We rescued the cells depleted of NLK by co-

expression of RNAi resistant modified NLK plasmids and repeated the NFKB reporter 

gene assay. As expected, NFKB activation is reduced by two fold in the NLK depletion 

rescue experiment confirming the fact that high level NFKB activition in Fig.3-15B is due 

to inhibition of NFKB activity by endogenous NLK. [Fig. 3-15C] 

The protein level of NLK is indicated in western blot and actin was used as a 

loading control. The similar expression levels of endogenous TAK1, TAB2 and TAB3 in 

both sets of experiment were checked and indicates that NLK depletion has no effect on 

the stability of the TAK1 complex [Fig. 3-15B and C] 
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Figure 3-15D illustrates the model of ubiquitin mediated TAK1 activation. 

Binding of free unchored polyubiquitin chain [92] or polyubiquitin chains binding to 

TAB2/3 [76] provides the scaffold for dimerization or oligomerization of the TAK.1 

kinase complex, and subsequent autophosphorylation of TAK.1 at Thr 187, resulting in 

TAK1 and NFKB gene activation. We suggest here that NLK regulates TAK1-IKK-

NFKB signaling cascade by inhibiting ubiquitin receptor function of TAB2/3 through 

phosphorylation. 
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Figure 3.15 NLK inhibits activation of NFKB in TNFa pathway 

(A) NLK knockdown enhances the polyubiqutin binding of TAB2 upon TNFa stimulation -

HEK293 cells expressing "scrambled" or NLK targeting shRNA 5 were stimulated with TNFa for 

the times indicated. Endogenous TAK1 complex was immunoprecipitated from 2 mg of protein 

lysates with anti-TAKl antibody and immunoblotted with specific antibodies against ubiquitin, 

TAK1, TAB2 and TAK1 [pThrl87]. Protein lysates were immunoblotted with anti-NLK and actin 

antibodies to check for NLK knockdown and as loading control respectively. 
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Figure 3.15 NLK inhibits activation of NFKB in TNFa pathway 

(B) NLK knockdown increases activation of NFkB gene mediated by TNFa-

HEK293 cells expressing "scrambled" or NLK targeting shRNA 5 were stimulated with TNFa for 

the times indicated. Endogenous TAK1 complex was immunoprecipitated from 2 mg of protein 

lysates with anti-TAKl antibody and immunoblotted with specific antibodies against ubiquitin, 

TAK1, TAB2 and TAK1 [pThrl87]. Protein lysates were immunoblotted with anti-NLK and actin 

antibodies to check for NLK knockdown and as loading control respectively. 
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Figure 3.15 NLK inhibits activation of NFKB in TNFa pathway 

(C) NLK knockdown increases activation of NFkB gene mediated by INI a 

HEK293 cells expressing "scrambled" shRNA or shRNA 5 targeting NLK were transfected with 

NFKB reporter and control plasmids with or without plasmid encoding shRNA resistant form of 

NLK. The cells were stimulated with TNFa for 0 h and 8 h and the protein lysates processed as in 

(A). Assays were done in triplicate and the results shown are the mean ± SEM from three 

independent experiments. The protein lysates were immunoprecipitated with TAK1 antibody and 

western blotted for TAK1, TAB2 and TAB3. Total protein lysates were western blotted for NLK 

and actin. (bottom) 

108 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



D 

NLK 

-> IKK > NFKB 

gene activation 

Figure 3.15 NLK inhibits activation of NFKB in IN Fa. pathway 

(D) Diagram illustrates the possible regulatory mechanism of TAK1 and NFKB signaling pathway by 

NLK. TAK1 autophosphorylation mediated by cross phosphorylation is facilitated by the scaffold 

structure formed between TAB2/3 and K 63 linked polyubiquitin chains. Our model supports the 

hypothesis that NLK inhibits TAK1 and its downstream kinase IKK activity via phosphorylation 

ofTAB2/3. 
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3.16 NLK interacts with c-jun and inhibits AP-1 activity directly 

Since IL1 and TNF upregulate both AP-1 and NFKB gene in vivo [63], we 

extended our interest by looking at the role of NLK in AP-1 mediated gene activation in 

mammalian cells. 

The mammalian AP-1 proteins are homodimers and heterodimers composed of 

basic region-leucine zipper (bZIP) proteins and belong to the Jun (c-jun, JunB and JunD), 

Fos (c-Fos, FosB, Fra-1 and Fra-2), Jun dimerization partners (JDP1 and JDP2) and the 

closely related activating transcription factors (ATF2, LRF1/ATF3 and B-ATF) 

subfamilies [93-98]. These AP-1 dimers regulate gene expression in response to different 

stimuli such as growth factors, cytokines, and UV irradiation or stress. The activity of 

AP-1 is regulated by phosphorylation of c-jun, c-Fos or ATF2 proteins by specific 

upstream kinases induced by specific extra cellular stimuli. [93, 98] 

To investigate the relationship between NLK and c-jun, we test whether NLK 

regulates the transcriptional activity of c-jun by using AP-1 luciferase linked reporter 

gene. Single expression of c-jun upregulates AP-1 gene activation as shown in Figure 3-

17 A. however, co-expression of NLK with c-jun leads to reduction of AP-1 

transcriptional activity. [Fig 3-16 A] 

To validate the above finding, we also examined AP-1 gene activation in NLK 

"knockdown" or control cells which are co-transfected with AP-1-luciferase reporter and 

renila control plasmid. AP-1 activity was measured upon activation of the both sets of 

cells with TNFa for Oh or 8h. In line with the findings from the over-expression study, 

AP-1 activity is increased in NLK knockdown cells compared with control cells. [Figure 

3-16B] Notably, the result led us to the conclusion that NLK also negatively regulates 

AP-1 activity. 

Next, we investigate the molecular mechanism of NLK regulation on AP-1 

activity. A recent finding has suggested the novel function of c-jun in canonical Wnt 

signaling and showed that c-jun function as a scaffold in the P-catenin-TCFs 

transcriptional complex linking the Dvl (disheveled) protein to TCF/ P-catenin activated 
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gene expression. [99] Another group has also reported that phosphorylated c-jun interacts 

with the HMG-box transcription factor TCF4 and forms a ternary complex [c-jun, TCF4 

and P-catenin] to activate c-jun mediated expression in intestinal tumorigenesis. [100] 

Therefore, the interesting function of c-jun in Wnt signaling and its physical 

interaction with TCF and P-catenin (first and best characterized substrates of NLK) led us 

to examine the possible role of NLK in regulation of c-jun activity. First, we examine the 

possible interactions between NLK and c-jun. GST-NLK/GST-c-jun were co-expressed 

with myc-c-jun/myc-NLK in HEK293 cells and subjected to GST pulldown. As indicated 

in the Figure 3-16 C lane 4, myc-c-jun shows very strong interaction with NLK. This 

interaction was also observed when we pulled down kinase active or kinase dead myc-

NLK with GST-c-jun. [Figure 3-16B lane 2 and 3] 

Altogether, we identified c-jun as a novel interacting partner of NLK for the first 

time and also provide more insight into the regulation of TNFa and IL-ip signaling by 

NLK 
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Figure 3.16 NLK interacts with c-jun and inhibits activation of AP-1 pathway 

(A) NLK suppresses AP-1 reporter gene activation in cells -

HEK293 cells were transfected with the indicated combination of the plasmids in the presence of 

AP-1 reporter and control renilla luciferase plasmid constructs. The cells were harvested and the 

protein lysates assayed for expression of firefly luciferase. Assays were done in triplicate and the 

results shown are the mean ± SEM from three independent experiments. Protein lysates were 

probed for expression of proteins transfected by using anti-myc and His specific antibodies. 

112 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



B 

1 • 

• J 4 

I 3 

• NLK shRNA 
n Scrambled shRNA 

z 
g 
s 
i4 
z 

O 
XI 

g 

Sc
r 

^ r 
IB: 
NLK 

Actin 

No stimulation TNFa 8h 

GST 
pull down 

Lysate GST 

GST-NLK 
GST-cjun + 
myc-NLK.KA -
myc-NLK.KD -
myc-cjun 

+ 
+ 
+ 

+ + 

Figure 3.16 NLK interacts with c-jun and inhibits activation of AIM pathway 

(B) NLK knockdown increases the AP-1 reporter gene activation mediated by TNFa-

HEK293 cells expressing shRNA targeting NLK or scrambled shRNA were transfected with AP-1 

reporter activated firefly luciferase and control renilla luciferase. The cells were stimulated with 

and without TNFa for 0 h or 8 h and the cells were harvested and the protein lysates assayed for 

expression of firefly luciferase. Assays were done in triplicate and the results shown are the mean 

± SEM from three independent experiments. Total protein lysates were western blotted for c-jun 

and actin. 

(C) HEK293 cells were transfected with different combination of plasmids as indicated, followed by 

GST pulldown assay using 0.5 mg of total cellular lysates. The co-precipitated proteins were 

analyzed by western blot with anti-myc antibodies. The expressions of GST tagged proteins were 

shown in GST immunoblot. 
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3.17 NLK phosphorylates c-jun in vitro 

The strong interaction between NLK and c-jun in our study led us to check 

whether c-jun is a possible substrate of NLK. c-jun activation is instrumental in many 

cellular events such as cell growth and differentiation, apoptosis, cell transformation, 

tissue morphogenesis, and inflammatory responses. [101] 

His-tagged c-jun and GST-NLK were separately expressed in HEK293 cells and 

the whole cell extracts were used to perform immunoprecipitation with anti-His antibody 

or GST pulldown assay. The precipitated proteins were subjected to an in vitro kinase 

assay. As shown in Figure 3-17A lane 2, c-jun was strongly phosphorylated by NLK in 

vitro. 

To validate the result from A, we repeated the NLK kinase assay by using 

bacterial purified GST-c-jun as substrate. The Coomassie staining indicates the amount of 

GST-NLK and GST-c-jun used in the assay. All togheter, our result suggests that c-jun is 

a novel substrate of NLK. 
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Figure 3.17 NLK phosphorylates c-jun in vitro 

(A) HEK293 cells were transfected with the plasmids encoding the indicated proteins. Cellular lysates 

containing over-expressed His-c-jun (0.25 mg) and GST-NLK (0.1 mg) was subjected to 

immunoprecipitation and GST pulldown respectively. The purified proteins were incubated with 

[y32P] labeled ATP (0.1 mM) at 37°C for 30 minute. The gels were stained with Coomassie Blue 

and autoradiographed at -80°C for overnight. The amount of protein used in the assay is indicated 

in the western blot. 

(B) 0.1 mg of HEK293 cells over-expressing GST-NLK were subjected to GST pulldown followed by 

an in vitro kinase assay as described in (A) and incubated with 10 |ig of GST-c-jun affinity 

purified from E.coli. The protein input stained with Coomassie Blue is shown. Non specific band 

is indicated by asterisk. 
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3.18 NLK negatively regulates c-jun activity in multiple signaling pathways 

To gain further insights into the molecular mechanism of AP-1 regulation by 

NLK, we checked the activity of c-jun in cells treated with different stimuli. It has been 

proved that phosphorylation of c-jun at Ser 63 and Ser 73 residues by JNKs enhance AP-

1 transcriptional activity. [93] We used the commercial c-jun S-63 phospho antibody to 

measure c-jun activity in NLK knockdown cells compared with control cells. In this 

experiment, we used several external stimuli such as anisomycin, sorbitol and TNFa to 

stimulate c-jun phosphorylation in HEK293 cells. 

Densitometric analysis and western blots shown in Figure 3-18A indicate that c-

jun [pS-63] phosphorylation was drastically increased in NLK knockdown cells 

compared to control cells in response to all stimuli used. NLK knockdown cells undergo 

three to five fold increases in phosphorylation of c-jun mediated by TNF and anisomycin. 

However, a two fold increase in c-jun phosphorylation was observed for sorbitol 

stimulation. [Figure 3-18A] It has been shown that anisomycin can activate JNK and c-

jun through pathways that are independent of TAK Figure 3-18B also demonstrates that 

TAK1 autophosphorylation using the phospho-Thrl87 antibody was not detected in 

response to anisomycin stimulation. Therefore, TAK1 itself is not activated by 

anisomycin; anisomycin stimulated increase in c-jun activity observed in NLK 

knockdown cells suggests the direct regulation of c-jun activity by NLK. However, in our 

study, we are still uncertain about the pathway that leads to NLK activation in cells 

stimulated with anisomycin. 

And, we also cannot ignore the fact that inhibition of c-jun activity by NLK in 

TNFa signaling could be partly attributed to negative feedback regulation of TAK 1-JNK 

pathway by NLK. [Figure 3-18C] Nevertheless, a drastic increase in c-jun activity or 

phosphorylation mediated by anisomycin signaling has strengthened the direct 

physiological connection between NLK and c-jun. 
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This finding led us to conclude that NLK may regulate c-jun activity in both 

TAK1 activity dependent signaling (for example, TNFa) and TAK1 activity independent 

signaling (for example, Anisomycin) pathways. [Figure 3-18C] 
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Figure 3.18 NLK negatively regulate c-jun activity 

(A) NLK knockdown increaseas the phosphorylation of c-jun mediated by different stimuli -

HEK293 eels were transfected with NLK or scrambled shRNA and c-jun total and phospho S63 

antibodies were used to probe whole cell extracts. The knock down efficiency of NLK shRNA and 

loading control of protein input are indicated by NLK and beta-catenin immunoblots. 
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Figure 3.18 (A) NLK knockdown increaseas the phosphorylation of c-jun mediated by different 

stimuli -

Densitometric analysis of phospho c-jun S63 and total c-jun immunoblots in NLK knockdown 

cells and control cells are analyzed by using image J software. The Y axis represents the relative 

band intensity of pS63 signal divided by total cjun signal. The results are representative of two 

indpendent experiments. 
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Figure 3.18 NLK negatively regulate c-jun activity 

(B) TAK1 is activated by sorbitol, but not by anisomycin -

HEK293 cells were transfected with NLK or scrambled shRNA. The whole cell extracts were 

subjected to immunoprecipitation with anti-TAKl antibodies and probed for TAK1 activation 

with TAK1 phospho T187 antibodies. The efficiency of shRNA knockdown and loading control 

are indicated by TAK1, NLK and actin immunoblots. 

(C) Simple illustration of regulation of c-jun activity by NLK -

NLK negatively regulates c-jun activity in anisomycin activated signaling through 

phosphorylation. In TNFa signaling, NLK down-regulates c-jun activity directly or indirectly by 

suppressing the activation of TAK1-MKK4/7-JNK signaling. 
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3.19 NLK negatively regulate the expression and secretion of inflammatory factors 

mediated by NFKB and AP-1 

Previous findings indicate that NLK regulate NFKB and AP-1 activity in 

inflammatory signaling activated by TNFa or IL-ip. To gain further insights into NLK 

regulation of TAK1 activity and its downstream transcriptional factors NFKB and AP-1, 

we examined the expression and secretion of cytokines and/or chemokines mediated by 

TNFa or IL1 p in stable "NLK knockdown" cells. 

HEK293 cells were transfected with NLK shRNA or Scramble shRNA plasmids 

and stably transfected cells were selected in condition media for 72 hours. The cells were 

starved for 6 hours prior to stimulation with TNFa (HEK293 cells) for 3 hours, 6 hours 

and overnight (16 hours). The media were collected from both set of cells and secretion 

of inflammatory cytokines and chemokines quantitated with a human inflammation 

antibody array as described in Fig. 3-19A. No significantly detectable amounts of 

inflammatory factors was found in media which collected from either NLK "knockdown" 

or control plates at 3 h and 6 h time points [data not shown]. 

The inflammatory antibody array can quantitate a total of 40 inflammation factors 

shown in the table. The inflammatory proteins which are examined in our study are 

highlighted with grey box in the table. [Figure 3-19B] Among all the inflammatory 

cytokines and chemokines, TNFa, TIMP-2, IP-10, MCP-1 and IL-8 are highly secreted 

from both sets of cells. [Figure 3-19B&C] The relative amount of secreted cytokines and 

chemokines induced by TNFa in NLK knockdown and control cells were analyzed and 

represented in the bar chart [Fig. 3-19C]. 

After overnight stimulation, MCP1 secretion in NLK knockdown cells is 

significantly increased by five fold compared with control cells. [Highlighted the 

duplicated dots in black box as shown in Figure 3-19 B and D: Row 5-6, Column F] It 

has been well characterized that MCP-1 gene expression and secretion is tightly regulated 

by AP-1 and NFKB in response to TNFa signaling. [102-103] In addition, a two to three 
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fold increase in secretion of TNFa, TIMP-2 and IP-10 and IL-8 were also observed in 

NLK knockdown cells compared to control cells in response to TNFa. [Figure 3-19 B&C] 

To further confirm the above result, we also measured the upregulation of MCP-1 

gene in NLK knock down cells by performing quantitative real time PCR reaction. Total 

RNA was extracted from HEK293 cells stably expressing NLK shRNA or Scramble 

shRNA and stimulated with TNFa. In agreement with the inflammatory antibody array 

analysis, we also observe the upregulation of MCP1 gene expression by two fold in NLK 

knockdown cells compared to the control cells in response to TNFa stimulation. [Figure 

3-19D] 

Collectively, the finding from cytokine array strengthens the inhibitory role of 

NLK on TNFa mediated activation of TAK1 and gene expression by NFKB and AP-1 by 

modifying the function of TAB2/3 and c-jun. [Figure 3-19E] 
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Figure 3.19 Effect of NLK depletion on the profile of cytokine protein secretion by HEK293 cells 

(A) Protocol and experimental steps performed in the analysis of human inflammatory antibody array. 
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ure 3.19 Effect of NLK depletion on the profile of cytokine protein secretion by HEK293 cells 

(C) Cytokine expression was quantified by densitometric analysis. The signal intensity of images or 

dots from both sets of experiment was scanned as a high resolution image and the relative 

intensity of the respective dots (cytokine signal/ positive signal integrated density) qunatitated 

using Image J software. Data are expressed as mean ± SEM of two independent experiments. 
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Figure 3.19 Effect of NLK depletion on the profile of cytokine protein secretion by HEK293 cells 

(D) HEK293 cell cultures which are stably expressing NLK shRNA or control shRNA were 

stimulated with TNFa (50 ng/ml) for 16 hours. Total RNA was isolated and analyzed by qRT-

PCR. Quantities of MCP-1 mRNA were normalized by the expression of actin and GAPDH 

mRNA. The average of three experiments is shown with ± SEM. 

MCP-1 A represents the relative RNA ratio of MCP-1/Actin 

MCP-1 B represent relative RNA ratio of MCP-1/GAPDH 

(E) A proposed model suggesting the mechanism of AP-1 and N F K B gene regulation by NLK. NLK 

directly regulates AP-1 activity by phosphorylating c-jun as well as indirectly through the 

negative feedback regulation of TAK1 and JNK activtiy. 
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4. Discussion 

The present study has identified a negative feedback regulation of TAK1 by NLK. 

In the first part of our study, we showed that NLK interacts and phosphorylates TAB2 

and TAB3. In the second part, we demonstrated that NLK phosphorylation on TAB2 and 

TAB3 modulates their conformational changes and abrogates their interaction with K63 

linked polyubiquitin chains. Therefore, we hypothesized that phosphorylation induced 

allosteric changes in adaptor protein TAB2/3 by NLK decreases binding of K63 linked 

poly ubiquitin chains. Consequently, the ability of TAB2/3 to activate TAK1 and its 

downstream signaling pathways p38a, JNK and NFKB is diminished. 

In our study, we have shown the evidence of NLK interaction with TAB2 and 

TAB3. [Figure 3-1D] Due to the limitation of NLK antibodies, we can only conclude 

their stable and strong interaction based on proteins over-expressed in HEK293 cells. As 

indicated in Figure 3-IE and F, over-expressed NLK was found to be complexed with 

endogenous TAK1 and vice versa. 

We also mapped the region mediating the interaction between TAB2/3 and NLK. 

The minimal fragment of NLK [124-497] consisting of the kinase domain and 

surrounding C terminal region is required to interact with the C terminal region of TAB2 

between residues 481-588 [Fig 3-2C]. 

Recently, a few novel phosphorylation sites on TAB2/3 have been identified and 

these sites are thought to be involved in negative regulation of TAK1 in IL-1 signaling 

pathway. Ser60 and Thr404 of TAB3 were reported to be phosphorylated directly by 

p38a, whereas Ser506 of TAB3 may be phosphorylated by MAPKAP-K2/MAPKAPK3. 

In addition, Ser 372 and Ser 524 on TAB2 are also phosphorylated in IL1 signaling but 

the kinases responsible for their phosphorylation are still unknown. These reports led us 

to examine whether Ser 372 and Ser 524 on TAB2 sites are phosphorylated by NLK. 

Therefore, we used to coexpress the single phosphorylation mutants of TAB2 

[S372A] and [S524A] with NLK in cells and examined whether NLK is responsible for 
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phosphorylation of Ser 372 and Ser 524 on TAB2. However, we did not find any 

evidence of NLK phosphorylation on Ser 372 or Ser 524 residue of TAB2. [Data not 

shown] Interestingly, in vitro kinase assay indicates that C-terminal fragment of TAB2 

[481-693] is phosphorylated by NLK [Figure 3-4C] and subsequently, we identified Ser 

582 residue as NLK phosphoryaltion site on TAB2 fragment. [Figure 3-4D] Since Ser 

582 is not followed by proline and NLK consensus phosphorylation sequence is still 

unknown at present, we still cannot rule out whether NLK indeed phosphoryaltes TAB2 

on Ser 582 residue in vivo. Therefore, further studies are needed to be done by using the 

NLK phosphorylation mutant of TAB2 in cells and also required to validate the result by 

using the phospho Ser 582 TAB2 antibodies in vivo. Furthermore, we also want to repeat 

in vitro kinase assay and phospho peptide purification experiments for full length TAB2 

protein and TAB3 protein to validate our result in future. 

Though NLK was discovered as one of the regulatory signaling components in 

Wnt signaling in many organisms [5, 104], recent reports have shown that NLK can be 

activated by inflammatory cytokines such as IL-1, IL-6 and TNFa via TAK1 [22]. 

However, the questions still remain as to how NLK is activated by TAK1 in extracellular 

stimuli and whether an intermediate protein kinase such as HIPK2 is involved. Previous 

studies on TAK1-NLK pathway have largely ignored the role of TAB2 and TAB3. 

Therefore, in this study, we also attempt to carefully examine and characterize the 

function of TAB2 and TAB3 in NLK activation. 

In our study, we also tried to address the missing link in TAK1-NLK signaling 

and the physiological significance of NLK phosphorylation on TAB2 and TAB3 by 

raising two possible hypotheses. 

1. TAB2 or TAB3 acts as scaffold to facilitate the activation of NLK by TAK1 

or 

2. NLK negatively regulates TAK1 activity via modification of TAB2 or TAB3. 
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Stimuli 
i 

Downstream cellular events 

Figure 4-1. Schematic representation of two possible models of NLK regulation on TAK1 signaling 

1. Upon stimulation, NLK interacts with TAB2/3 thus bringing TAK1 and NLK into close proximity 

and facilitates the activation of NLK by TAK1. 

2. Upon stimulation of cells with specific stimuli, activated NLK phosphorylates TAB2 or TAB3 and 

modulates the conformational changes of TAK1 which is in the complex with TAB2/3 and 

negatively regulates TAK1 activity. 

Scaffold proteins such as JIP1 and JIP2 which bind the ASK1/MLK, MKK4/7, JNK 

protein kinases have previously been shown to enhance signaling efficiency and 

specificity in MAPK signaling pathways. [105] Previously NLK was also reported to 

recruit STAT3 as scaffold molecule to facilitate its own activation by TAK1 in IL-6 

signaling. [75] 

Therefore, we tested our first hypothesis by performing in vitro kinase assay using 

purified NLK protein as substrate in the presence of active purified TAK1 complex from 

HEK293 cells [TAK1-TAB1-TAB2/3]. Unexpectedly, TAK1 complex failed to 

phosphorylate E.coli purified NLK [124-480] in vitro as shown in Figure 3-6A and it 

disagrees with our first hypothesis. 

130 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Even though TAK1 complex is unable to activate NLK directly in our in vitro 

kinase system, we do not exclude the possibility that TAB2 and TAB3 may function as 

scaffold proteins to facilitate the activation of NLK by TAK1 for two remaining reasons. 

Firstly a minute amount of TAB2/3 associated with TAK1 kinase complex used in the in 

vitro kinase assay, and secondly general limitations of in vitro kinase assay approach 

widely used in biochemical studies. 

However, recent studies have indicated that HIPK2 [9] may function as an 

intermediate kinases between TAK1 and NLK when cells are activated by Wnt 1. In 

contrast to their data, we did not observe any direct phosphorylation or activation of NLK 

by HIPK2 in an in vitro kinase assay. [Fig. 3-6 D] Alternatively, we introduced MKK6 as 

the intermediate kinase and co-incubated together with TAK1 complex in an in vitro 

kinase system to check the phosphorylation of NLK by activated MKK6. However, our 

data shown in Figure 3-6C demonstrated that TAK1 does not activate NLK through 

MKK6. 

Since we could not find any evidence of TAB2/3 as scaffold protein to facilitate 

NLK activation by TAK1, we moved on to test the second hypothesis. In the course of 

testing the second hypothesis, we found several evidences to show NLK as negative 

regulator of pro-inflammatory signaling induced by TNFa or IL-lp\ As shown in Figure 

3-8A, over-expression of NLK with TAK1-TAB2/3 suppresses TAK1 activity in a dose 

dependent manner as indicated by a decrease in TAK1 Thr 187 phosphorylation. 

Similarly, as shown in Figure 3-8B we also illustrated a reduction in TAK1 Thr 187 

phosphorylation and its substrate MKK6 in the presence of kinase active NLK. In this 

experiment, we also highlighted that NLK inhibits TAK1 activity only through 

phosphorylation of TAB2 or TAB3, but not TAB1. 

The novel inhibitory role of NLK on TAK1 and its downstream signaling 

molecules p38a, JNK and NFKB was also validated in our biochemical assays using 

NLK knockdown cells or control cells which are stimulated with TNFa or IL-ip. When 

NLK knockdown cells and Scrambled shRNA transfected cells are stimulated with TNFa 
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for several time points, TAK1 activity or Thr 187 phosphorylation of TAK1 is increased 

drastically in NLK knockdown cells. [Figure 3-9 B-F] Similarly, approximately a two

fold increase in phosphorylation of p38, JNKs and IKB were detected in NLK knockdown 

cells induced by TNFa and IL-ip stimulation as shown in Figure 3-10A and D. 

Since TAK.1 is an essential intermediate kinase of IL-1 and TNFa signaling 

pathway, several mechanisms of TAK1 down-regulation are previously suggested in 

TAK1 mediated signaling. 

1) Targeting TAB2/3 for degradation 

2) Blockage of interaction between signaling modules at the point of TRAFs and 

TAK1-TAB1-TAB2/3 

3) Phosphorylation or dephosphoryaltion of TAK1 and binding subunits TAB1 or 

TAB2/3. 

4) Deubiqutination of ubiquitin ligase TRAFs or disassembly of ubiquitin chains 

from adaptor proteins. 

The first mechanism was suggested by Yang Tian et al., 2007. RBCK.1, which has 

been shown to act as an E3 ubiquitin ligase, negatively regulates TAK1 and TAB2/3-

mediated and TNF- and IL-1-induced NFKB activation. RBCK1 physically interacts with 

TAB2/3 and facilitates degradation of TAB2/3 through a proteasome-dependent process. 

[106] 

The second mechanism has been suggested by Hong et al., 2007. Smad7 is a 

critical mediator of TGF-P signals that block pro-inflammatory TNF signals by causing 

the dissociation of TAK1 complex from its upstream TRAF2 signaling complex. Smad 7 

interacts with both TAB2 and TAB3, thereby blocking TNFa-induced recruitment of the 

TAK1 complex to TNFR1 and TRAF2 and the transmission of proinflammatory TNF 

signals. Over-expression of Smad7 in mouse skin suppressed inflammation and NFKB 

activation demonstrated the importance role of Smad7 as the negative regulator of TAK1 

mediated inflammation pathway. [91 ] 
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The third mechanism highlights the regulatory role of phosphatases and kinases in 

TAK.1 mediated cell signaling. Takaesu et al., 2001 and Taisuke Kajino et al., 2004 

identified PP2C and PP6 phosphatases as negative regulators of TAK.1 in IL-1 signaling 

pathway. PP6 dephosphorylates TAK.1 at Thr 187 thus inactivating the kinase activity of 

TAK1. [107-108] p38a MAPK phosphorylates TAB1 at Ser423 and Thr431 and this 

modification serves to inhibit catalytically active (autophosphorylated) forms of TAK1, 

which may enhance the down-regulation of TAK1. p38a was also suggested to 

phosphorylate TAB2 and/or TAB3 to inactivate TAK1 in a negative feedback loop 

regulation of cell signaling. [56, 61, 64] So far two phosphorylation sites Ser 60 & Thr 

404 of TAB3 are reported to be phosphorylated directly by p38ct MAPK in IL-1 

signaling. [62] 

The fourth mechanism involves the removal of ubiqutin chains from signaling 

molecules by deubquitin ligase such as CYLD (cylindromatosis tumor suppressor 

protein) and A20. CYLD inhibits IKK activation by cleaving K63-linked polyubiquitin 

chains on several proteins including TRAF2, TRAF6 and NEMO. In patients with 

cylindromas, impaired function of CYLD was linked to activation of NFKB and 

pathogenesis of the tumors. [69-70, 109-110] Negative regulatory role of A20 was also 

validated in A20 deficient mice which develop severe inflammatory diseases in multiple 

organs with prolonged activation of NFKB. [68, 111] 

Therefore, in this study, we proposed a novel negative feedback mechanism of 

NLK regulation on TAK1 which adopts a combined strategy from No. 3 and 4. NLK 

phosphorylates TAB2/3 and inhibits TAK1 activity by either inducing the conformational 

changes in TAK1 or causing the disassembly of K63 linked poly ubiquitin chains from 

TAB2/3. 

As shown in Figure 3-12 D& E of dose-dependent phosphorylation of TAB2 and 

TAB3 by NLK which was accompanied by concomitant decreases in their binding to 

polyubiquitin chains as well as TAK1 Thr 187 phosphorylation. The opposite effect was 

found in NLK knockdown cells where ubiquitin binding to TAK1 complex is enhanced 
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together with increased TAK.1 T187 phosphorylation. [Figure 3-15A] In addition, we 

have also proved that reduced polyubiquitin binding by TAB2/3 is not due to disruption 

of the physical interaction between TRAFs and TAK1-TAB2/3 complex by NLK. [Figure 

3-13 B&C] 

We also pointed out in our in vitro ubiquitin binding assay and NFKB reporter 

gene assay that phosphorylation of TAB2/3 by NLK directly modulate their ability to 

bind polyubiquitin chains which leads to downregulation of TAK1 activity in TNF and 

IL-1 signaling. As shown in Figure 3-12B to E, co-expression of NLK with TAK1-

TAB2/3 or TAK1 complex (TAK1-TAB1-TAB2/3) leads to decrease in poly ubiquitin 

binding of TAB2/3. In addion, co-expression of NLK with TAB2/3, TAK1-TAB2/3 or 

TAK1 complex (TAK1-TAB1-TAB2/3) also leads to suppression of NFKB reporter gene 

and it is shown in Figure 3-11 A. In accordance with the over-expression study, increase 

in activation of NFKB reporter gene was observed in NLK knockdown cells compared to 

the control cells or NLK knockdown cells which are rescued by shRNA resistant NLK 

overexpression. [Fig. 3-15B and C] 

Besides regulating the function of TAB2/3, NLK was found to interact and 

phosphorylate c-jun thus negatively regulates AP-1 activity. [Result section 3-16 to 3-18] 

Although we could not demonstrate the exact molecular mechanism by which NLK 

phosphorylation of c-jun leads to inhibition of its activity, our findings have potentially 

opened a novel connection between c-jun and NLK. 

To conclude, we propose that NLK negatively regulates TAK1 activated signaling 

at multiple levels. Inhibitory role of NLK in inflammatory signaling mediated by TNF 

and IL1 can be divided into 2 phases of signal transduction events. [Figure 4-2] 

In early phases of signal transduction, NLK phosphorylates TAB2 and TAB3 to 

inhibit TAK1 activity by modulating poly ubiquitin binding of TAB2/3 or 

disassembly of poly ubiquitin chains from TAB2/3. 

In later phases of signal transduction, NLK directly suppresses transcriptional 

factor activity (c-jun) to regulate the inflammatory gene expression by AP-1. The 
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evidence of NLK regulating AP-1 target gene expression is demonstrated in result 

section 3-19 and Figure 3-19B & C. Several inflammatory factors MCP-1, TIMP2 

and IL-8 are up-regulated in NLK depleted cells by two to five fold in response to 

TNFa signaling. [Figure 3-19B & C] 

TAK1 represents a point of convergence for multiple signaling processes that are 

activated during inflammation and serves as a key target for regulation of inflammatory 

gene mediated by NFKB and AP-1. Therefore, the selective activation of NLK in 

negative feedback loop control of TAK1, NFKB and AP-1 regulatory pathways would 

serve as a potential therapeutic target for inflammatory diseases. 
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Figure 4-2. Model of NLK regulation on IL-ip and TNFa signaling 

NLK regulation of TAK1 and inflammatory response by targeting TAB2/3 and directly regulating the 

transcriptional factor c-jun. Ubiquitin-mediated activation of transforming growth factor-P-activated 

kinase-1 (TAK1) and IKB kinase (IKK) in the IL-1R/TNFR pathway. Binding of interleukin-ip (IL-ip) to 

IL-1R causes recruitment of MyD88, IRAK, and TRAF6 to the receptor. Docking of TNF to its receptor 

recruits TRADD, TRAF2 and RIP. The E3 ubiquitin ligases TRAF2 and TRAF6, catalyzes the synthesis of 

K63-linked polyubiquitin chains, some of which are conjugated to TRAF6 or bound to TAB2. The 

polyubiquitin chains function as a scaffold to recruit the TAK1 and IKK complexes through binding to the 

regulatory subunits, TAB2/3 (shown here as TAB for simplicity). Recruitment of the kinase complexes 

facilitates autophosphorylation of TAK1 and subsequent phosphorylation of IKKP by TAK1, leading to 

IKB degradation and subsequent activation of NFKB (represented by the p50/p65 dimer). Active TAK1 also 

activate p38 and INK and subsequently leads to gene activation of AP-1. NLK regulates disassembly of 

K63-linked polyubiquitin chains from TAB2/3 complex by phosphorylation of TAB2/3. In addition, NLK 

also regulate inflammatory response at the level of gene regulation by phosphorylation of c-jun. Figure is 

adopted and modified from [112]. 
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5. Perspectives and future direction 

The most interesting feature of IL-1 and TNFa signaling arises from the 

identification of K63 linked polyubiquitination chain as a regulator of activation of TAK1 

and NFKB mediated gene expression. One of the well known negative regulatory 

mechanisms in K63 linked ubiquitin chains in the activation of TAK1 and its downstream 

pathways are demonstrated by (Deubiquitin ligases) DUBs. However, degradation of 

poly ubiquitin chain by DUBs may be a slower process compared to phosphorylation. As 

we have suggested in our model [Fig.4-2], alternative strategy proposed by our study 

indicates that IL1 and TNF signaling can be inhibited by blocking the interaction between 

K63 linked polyubiquitin chains and adaptor proteins such as as TAB2/3. This event 

provides a more rapid and transient regulatatory approach for cells. Therefore, this study 

contributes to a better understanding of negative feedback regulation of pro-inflammatory 

signaling pathways mediated by IL1 and TNF and could provide an alternative 

therapeutic approach for the treatment of inflammatory diseases. 

Our understanding of phosphorylation mediated regulation of K63 linked 

polyubiquitin chain binding by the adaptor proteins TAB2 and TAB3 needs to be 

improved with more future experiments. For instance, it would be crucial to identify 

NLK phosphorylation residues on TAB2/3 and validate most of our finding in this study 

by using cell based assays or in vivo studies. In addition to the use of NLK knockdown 

cells, it will be worthy to study the functional role of NLK in inflammation by using 

primary cell lines or NLK knockout cell lines in future. In addition, we also want to study 

spatial distribution of TAK1 complex and NLK in cells by performing live cell imaging 

studies. 
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6. Summary 

1. NLK directly interacts and phosphorylates TAB2 and TAB3 in cells and in vitro. 

2. NLK suppresses TAK1 and its downstream kinases activity via phosphorylation 

ofTAB2andTAB3. 

3. NLK negatively regulates TAK1 and NFKB pathway by modulating poly 

ubiquitin binding of TAB2 and TAB3. 

4. Collectively, NLK negatively regulates TNFa mediated inflammation responses 

or gene expression of inflammatory cytokines by direct modification of TAK1 

activity through TAB2/3 or activity of transcriptional factor c-jun (AP-1) 

5. NLK interacts and phosphorylates c-jun in cells and in vitro. 

6. NLK negatively regulates c-jun in TAK1 dependent pathway or independent 

pathway. Therefore, it remains to be explored the functional significance of c-jun 

phosphorylation by NLK in TAK1 independent signaling pathway e.g. in 

anisomycin signaling and how NLK is activated in anisomycin signaling. 

7. Remaining questions to be answered: 

Since TAK1 and NLK activity is regulated in multiple and diverse pathways such 

as Wnts [5, 104], TGFP[113], IL-1 and IL-6 [22] signaling, it is currently 

unknown whether TAK1 would also be subject to the same feedback mechanism 

in these pathways by NLK as described in this study. TAK1 activity is shown to 

be upregulated in NLK knockdown cells even under resting basal conditions 

[Figure. 3-9B] indicating that more unidentified growth factors or cytokines might 

also activate TAK1-NLK signaling pathway which might also subsequently lead 

to suppression of TAK1 by NLK. 
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