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ABSTRACT 

Tpl2/Cot is a MAP3 kinase (MAP3K8) with a diverse role in signaling 

pathways governing immune and inflammatory responses as well as 

carcinogenesis. The present thesis explores the physical and functional 

interaction between TPL2 and Nucleophosmin (NPM, B23). TPL2 is shown for 

the first time to reside partially in the nucleoli of rested cells where it interacts 

with NPM and mediates its basal phosphorylation levels at Thr199. Under 

genotoxic or ribosomal stress TPL2 guides the partial K48-linked 

ubiquitination of phosphorylated NPM at lysine Lys229. Subsequently, the 

unaffected and probably homodimerized non-phosphorylated NPM 

translocates from the nucleoli to the nucleoplasm where it binds HDM2, the 

physiological inhibitor of p53. Released p53 unfolds its acting repertoire 

leading to apoptosis of stressed cells. In a feedback regulatory loop, stress-

induced upregulated NPM blocks aberrant TPL2 production transcriptionally in 

order to preserve fine-tuning of the cell response to DNA damage stress. 

In another context of experiments, TPL2 was found to mediate the production 

of the pro-inflammatory and cancer-related cytokine IL-6 downstream of 

TNFRI signaling. TPL2 associates with the NF-κB transcription factor family 

member IKKα in TNF-stimulated cells and regulates IKKα nuclear localization 

and IKKα-mediated IL-6 transcriptional activation. Furthermore, a microRNA 

microarray analysis in samples from primary BMDMs of wild type or TPL2 

knock out mice treated with TNF revealed a unique molecular signature of de-

regulated microRNA expression associated with aberrant expression of their 

mRNA targets. Specifically, microRNAs mmu-miR 223, mmu-let-7a and mmu-

let-7i were found to target IL-6 3’-UTR in silico and are postulated to regulate 

post-transcriptionally IL-6 production following cell stimulation with TNF.  
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ΠΕΡΙΛΗΨΗ 

 

Η πρωτεΐνη TPL2/Cot είναι μία MAP3 κινάση (MAP3K8) που συντονίζει την 

κυτταρική σηματοδότηση μονοπατιών σχετιζόμενων με ανοσολογικές 

αποκρίσεις, φλεγμονή και καρκινογένεση. Το κύριο μέρος της παρούσας 

διατριβής αφορά τη μελέτη της αλληλεπίδρασης της TPL2 με τη 

φωσφοπρωτεΐνη Nucleophosmin (NPM, B23). Αρχικά, αποδεικνύεται 

πειραματικά η μερική παρουσία της TPL2 στον πυρήνα αντίθετα με τη γενική 

πεποίθηση που υποστηρίζει την αμιγή κυτταροπλασματική της θέση. Έπειτα, 

παρατίθενται δεδομένα που αποδεικνύουν τη δυνατότητα αλληλεπίδρασης και 

υποκυτταρικού συνεντοπισμού της TPL2 με την NPM, τόσο σε τεχνητές (in 

vitro) όσο και σε φυσιολογικές συνθήκες (in vivo). Συγκεκριμένα, η TPL2 

εντοπίζεται μερικώς στον πυρηνίσκο όπου και συνδέεται με την NPM και 

ελέγχει τα βασικά επίπεδα φωσφορυλίωσης της στη θρεονίνη Thr199, γεγονός 

που εντάσσει τις MAP3K πρωτεΐνες στην πληθώρα κινασών που επηρεάζουν 

τη φυσιολογία της NPM μέσω φωσφορυλίωσης. 

Υπό την επήρεια γενοτοξικού ή ριβοσωμικού στρες, η TPL2 κατευθύνει την 

K48-σχετιζόμενη ουβικουϊτίνωση της φωσφορυλιωμένης NPM στη λυσίνη 

Lys229 και την επακόλουθη αποικοδόμηση της στο πρωτεάσωμα 

αποδεικνύοντας τη δυναμική αλληλεξάρτηση των μετα-μετφραστικών 

τροποποιήσεων στην κυτταρική σηματοδότηση. Στη συνέχεια, η μη 

φωσφορυλιωμένη και πιθανά ομοδιμερής NPM εξέρχεται από τον πυρηνίσκο 

στο πυρηνόπλασμα και προσδένεται στη HDM2 αποδεσμεύοντας την από την 

p53, την οποία η HDM2 καταστέλλει κάτω από φυσιολογικές συνθήκες 

οδηγώντας την στο πρωτεάσωμα για αποικοδόμηση. Η ελεύθερη p53 μπορεί 

εν συνεχεία να ενεργοποιήσει το μεταγραφικό της πρόγραμμα με τελικό 

σκοπό την κυτταρική απόπτωση ανάλογα με το υφιστάμενο στρες. Μέσω ενός 

μηχανισμού ανάδρασης, η NPM, τα επίπεδα της οποίας αυξάνονται κάτω από 

κυτταρικό στρες, σταματά τη μεταγραφή της νεοσυντιθέμενης TPL2 

αποτρέποντας πιθανά την υπέρμετρη ενεργοποίηση των σχετιζόμενων με το 

εν λόγω στρες σηματοδοτικών μονοπατιών. 
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Παράλληλα, παρουσιάζονται δεδομένα που υποστηρίζουν τη δράση της TPL2 

στην παραγωγή της προ-φλεγμονώδους και καρκινογενούς κυτοκίνης IL-6 

μέσω δύο οδών. Πιο αναλυτικά, η TPL2 αποδεικνύεται απαραίτητη για τη 

μεταγραφική ενεργοποίηση του γονιδίου της IL-6, από τον παράγοντα IKKα 

έπειτα από ερεθισμό των κυττάρων με τον αποπτοτική κυτοκίνη TNF. Η 

άμεση αλληλεπίδραση της TPL2 με την IKKα καθορίζει πιθανά μέσω μετα-

μεταφραστικών τροποποιήσεων την επαγόμενη από TNF υποκυτταρική 

μετατόπιση της IKKα στον πυρήνα και την επακόλουθη πρόσδεσή της στον 

υποκινητή του γονιδίου της IL-6. 

Ταυτόχρονα, η TPL2 βρέθηκε να ρυθμίζει τα επίπεδα του mRNA της IL-6 

μέσω της ενεργοποίησης μιας σειράς μικρών RNA μορίων (miRNAs) που 

στοχεύουν το άκρο 3’-UTR του εν λόγω mRNA. Ανάλυση έκφρασης μορίων 

microRNA ευρείας κλίμακας (microarrays) σε πρωτογενή μακροφάγα κύτταρα 

ποντικών που φέρουν ή όχι το γονίδιο της TPL2 και έχουν ερεθιστεί με TNF 

έδειξε ότι η TPL2 επηρεάζει την έκφραση διαφόρων micrοRNAs, ενώ 

ειδικότερα τα microRNAs mmu-miR 223, mmu-let-7a και mmu-let-7i, που 

έχουν στόχο το 3’-UTR της IL-6, ελέγχονται από την TPL2 και πιθανά 

ρυθμίζουν τα επίπεδα της IL-6 σε μετα-μεταγραφικό επίπεδο. 

Η παρούσα διατριβή υποστηρίζει το σημαντικό ρόλο που διαδραματίζει η 

κινάση TPL2 στη ρύθμιση του μικροπεριβάλλοντος μιας καρκινικής οντότητας 

και προσφέρει επιστημονικά δεδομένα για μελλοντική καταπολέμηση 

καρκινικών τύπων μέσω φαρμακολογικής αναστολής της TPL2.  
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TPL2 signaling in inflammation and immune responses 
TPL2/Cot (also known as MAP3K8) is a serine/threonine MAP3 kinase that 

mediates phosphorylation events in molecular pathways implicated in 

inflammation, immune responses and carcinogenesis1. Although it was 

primary identified as a proto-oncogene, the majority of the data up to date 

underline its prominent role in immunity and inflammation. Deprivation of 

elegant molecular tools up to the millennium drove many research groups to 

study the effects of exogenously expressed TPL2 in various biological 

systems. Under these conditions, TPL2 was found to activate MEK and ERK 

kinases in association with Ras and Raf 2,3, and was further implicated in 

regulation of MEK1 and SEK1 in support of a universal role in all known 

MAPK pathways 4,5. TPL2 engagement in inflammatory and immune 

responses was based on initial findings underlying its role in the production of 

cytokine IL-12 6 and TNFα expression in T cells 7 and its impact on NFAT and 

NF-κB transcriptional activity at the promoter of IL-2 8,9. TPL2 was further 

found to interact with the non-canonical NF-κB pathway components NIK and 

IKKα and was thus speculated to act as a signaling link between the two main 

NF-κB pathways, the canonical and non-canonical 10,11. A common 

denominator of both branches was later proven to be ERK, since its activation 

through either CD40L or TNF required TPL2 12. A major breakthrough 

regarding NF-κB regulation by TPL2 was published by Professor S.Ley’s 

group in 1999. Their results supported a physiological role of endogenous 

TPL2 in proteolysis and downstream activation of NF-κB1 in fibroblasts, HELA 

and T cells treated with the TLR4 agonist LPS or with the cytokine TNF 13. 

The significance of these findings was thereto proven in other studies as well, 

leading to the general rule that TPL2 normally forms a stable complex with 

p105, which attenuates TPL2 activation. However, appropriate stimuli can 

provoke a phosphorylation-dependent interplay between TPL2, p105 and 

other regulatory molecules such as the ubiquitin ligase A20 leading to 

activation of TPL2, NF-κB and downstream signaling effector molecules (14-

19).  

Following the general trend of knocking out genes to study their function, 

Professor P.Tsichlis’ colleagues generated the first TPL2 knock mice (KO) 
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providing thus a more sophisticated tool to study TPL2 function. In a paper 

published in 2000 the group showed that TPL2 KO mice were resistant to 

LPS/D-Galactosamine-induced endotoxin shock due to lower TNF production 

ascribing thus to TPL2 pro-inflammatory features 20. However, this notion is 

up to date debatable since subsequent studies argued not only in favor but 

also against it, providing evidence that support an anti-inflammatory role for 

TPL2. For instance, whereas TPL2 is substantial for COX2 expression, an 

enzyme that catalyzes the synthesis of PGE2 in acute inflammatory syndrome 
21,22, it also blocks pro-inflammatory IL-12 production in Helicobacter 

Hepaticus-challenged macrophages 23. In the same line, TPL2 was found to 

mediate Crohn’s-like IBD pathology in TnfΔARE mice 24 but also to induce 

IRAK-M expression and regulate adiponectin-mediated endotoxin tolerance 25. 

Even more interestingly, TPL2 can drive a pro-inflammatory response with 

high IL-12 and low IL-10 production in macrophages challenged with bacterial 

DNA 26, while it blocks anti-inflammatory IL-10 production in the intestine 

attenuating thus inflammation-driven mucosal carcinogenesis in Apcmin mice 
27. Irrespective of its ambiguous role in inflammation, TPL2 posed an 

attractive kinase target for the treatment of various diseases throughout the 

years. In 2005 the Lin group at Wyeth Research Cooperation (MA, USA) 

discovered a new class of small molecules (carbonitriles) highly effective and 

specific for blocking TPL2 kinase activity 28. The same group continued to 

optimize the formula of a chemical inhibitor for TPL2 and in 2007 they 

published an article showing the effectiveness of a newly synthesized 

compound in LPS- and IL-1β-induced ERK/MEK phosphorylation, TNF and IL-

12 production and TNF-mediated IL-8 upregulation 29. The interest towards 

blocking TPL2 activity led to the discovery of other compounds such as 

Luteolin, prominent to enter clinical studies as well 30,31. 

 

TPL2 in cancer 

TPL2/Cot was firstly discovered as a proto-oncogene coding for two isoforms 

(52 & 58 KDa) of a serine-threonine kinase 32–34 in a screening of a human 

thyroid carcinoma cell line for transforming genes 35. TPL2 C terminus 
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truncation caused either by proviral DNA integration of MoMuLV 36,37 or 

MMTV 38 in the last intron of TPL2 leads to the production of a highly stable 

and tumorigenic oncogene 39,40. Although these data pointed out that TPL2 C 

terminus is essential for its activity, they could not support a global pro-

carcinogenic role of TPL2, since its truncated form is not found in 

spontaneous or acquired cancers observed in the clinic 1. In fact, opposing 

data up to date favour either a pro- or anti- carcinogenic role of TPL2  

depending mostly in the context of the conducted experiments.  

Pro-carcinogenic role of TPL2 

TPL2 upregulation has been observed in hepatoma, osteosarcoma, gastric 

and colonic adenocarcinoma cell lines 33,41, human breast cancer speciments 
42,43, EBV-associated malignancies 44 and LGL-PD human T cell neoplasias 
45. However, only one publication to date links TPL2 mutations to lung cancer 
46, whereas a study in diffuse large B lymphomas and myeloid leukemias gave 

negative feedback on the presence of TPL2 mutations related to such 

malignancies 47. The majority of the publications supporting a pro-

carcinogenic role of TPL2 are based on experiments performed in the 

presence of exogenously expressed TPL2 or its combination with external 

signals. Thus, overexpressed TPL2 has been found to activate MAPK 

pathways (MEK/ERK, SAPK) and transcription factors (AP-1, Ets, cJun) 

related to cell transformation 3,5,48. Furthermore, TPL2 promotes HTLV- and 

IL-2-mediated T cell proliferation 6,49, EGF-induced cell proliferation through 

dephosphorylation of p53 at Ser15 50 and UVB-associated cell transformation 

acting in cis with H3 to upregulate c-Fos expression 51. Epigenetic regulation 

of miR-370 induces TPL2 expression in IL-6-associated cholangiocarcinomas 
52 and TPL2 upregulates COX2 levels in arsenite- and UVB-induced skin 

carcinoma mouse models 53,54. Pancreatic Adenocarcinoma Upregulated 

Factor (PAUF) promotes cancer metastasis through the TLR-

2/TPL2/MEK/ERK pathway 55, whereas TPL2-mediated ERK activation 

enhances ALCL CD30+ cell proliferation 56 and tumor cell autonomous and 

non-autonomous cancer mechanisms in myeloma niches 57. Kim et al. found 

that IL-17A, normally produced by CD4+ memory T cells, promotes tumor 
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formation through TPL2-mediated upregulation of ERK, cJun, Stat3 and AP-1 
58.  

Under a different perspective, TPL2 was implicated in mechanisms governing 

cell migration, a feature commonly associated to cancer metastasis. 

Rodriquez et al. found that TPL2 mediates cell migration, adhesion loss and 

cytoskeletal re-organization trough regulation of ERK1,2-mediated COX-2 

production 59, while Professor Tsichlis and colleagues provided solid data 

supporting re-organization of actin through TPL2-mediated Rac-1 and FAK 

activation following GpCR stimulation of MEFs and BMDMs 60,61. In many 

cases it is known that treatment of cancers with specific drugs turns 

ineffective after a short period due to the ability of cancer cells to by-pass the 

targeted pathways. In these cases cancer cells use redundant pathways in 

order to continue their flourish. To this end, overexpressed TPL2 was found to 

offer resistance to cis-platin treated SHOK cells 62, while its downregulation 

promotes cell death in cancers driven by KRAS mutations 63. Moreover, 

cancer patients carrying BRAF mutations develop immunity against treatment 

with RAF/MEK inhibitors through activation of alternative signaling pathways 

related to TPL2 64,65.  

Anti-tumorigenic activity of TPL2. 

On the contrary, accumulative data presented throughout the last years 

underline an anti-tumorigenic activity of TPL2. Tsatsanis et al. found that 

TPL2 cooperated with ERK and CTLA4 to induce a proliferation negative 

feedback loop in T cells and block the formation of T cell lymphomas 66 

counteracting a previous report supporting a positive role of exogenously 

expressed TPL2 in IL-2-induced T cell proliferation through blocking of p27kip 

and upregulation of E2f expression 67. The Wiest lab provided also data 

indicating that TPL2 can act as an anti-carcinogenic molecule. They found 

that TPL2 absence mediates production of pro-inflammatory cytokines and 

tumor infiltration of mast cells and neutrophils which both promote a two stage 

skin carcinogenesis mouse model 68. Furthermore, they showed that TPL2 

alleviated prostaglandin and prostaglandin receptor expression through COX-

2 regulation in TPA-induced transformation of keratinocytes and skin cancer 

13 



in mouse models 69. Delicate work published by Koliaraki et al. in 2012 

showed that TPL2 ablation promotes cancer formation in a Colitis Associated 

Colon Cancer (CAC) mouse model through its activity on intestinal 

myofibroblasts (IMFs) and not in myeloid or intestinal epithelial cells. Focusing 

at the molecular lever, the team showed that TPL2 suppresses the secretion 

of HGF and subsequent c-Met expression from IMFs 70. In another study, it 

was shown that TPL2 ablation in Apcmin background mice caused intestinal 

inflammation and tumorigenesis driven partially from the hematopoietic cell 

lineage. Down regulation of the anti-inflammatory cytokine IL-10 and limitation 

in the production of iTregs and Tr-1 cells were found to promote the observed 

phenotype 27. Recently, our lab has published work supporting that TPL2 

suppresses lung carcinogenesis. More specifically, low TPL2 expression 

levels due to various genetic and epigenetic mechanisms as seen in human 

specimens of lung cancer and in a urethane-induced lung carcinogenesis 

mouse model were associated with defective JNK-NPM-p53 pathway 

activation providing a possible molecular mechanism of lung cancer 

progression 71. 

 

NPM 

Discovery and general features 

B23 (alternative name for NPM) was initially discovered in 1974 in B.Harris’  

lab during a nucleolar proteomic analysis in cells isolated from Novikoff 

hepatoma ascites 72. More than a decade later, the cDNA of rat and human 

B23 (NPM) was isolated and cloned providing the base for the analysis of the 

newly identified protein 73–75. Early studies pointed out that B23 could form 

highly stable oligomers and possessed the ability to bind nucleic acids 76. At 

the beginning of the millennium Hinorani et al. managed to define the diverse 

and important structural features and functions of B23 77 but it was until 2005 

that the first NPM knock-out (KO) mice were produced and it became clear 

that NPM was vital for cell survival since NPM KO mice died in utero 78,79. 

Accumulative data [reviewed in 80] give us today a detailed description of this 

protein. NPM (Nucleophosmin) is a 37 KDa phosphoprotein with three up to 
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date known different isoforms 81,82. Its amino acid sequence translates into a 

specifically complex structure that is characterized mainly by three major 

regions: a N terminus bearing a homo-oligomerization domain and a nuclear 

export signal, a central acidic domain with nuclear localization signals, able to 

bind core histone proteins and a C terminus tail containing a nucleolar 

localization signal, RNA binding and hetero-dimerization domains 83. This 

elaborate structure renders NPM capable of oligomerization and nucleolar-

nuclear-cytoplasmic trafficking and ascribes for a variety of NPM-mediated 

vital cellular functions. 

NPM regulation 

Tight regulation of a pleiotropic protein such as NPM requires multi-orientated 

coordination. At the transcriptional level Npm was shown to be regulated by 

YY1 and AP2a 84,85, while serum-activated Myc binds to NPM promoter to 

upregulate its expression 86 a fact that is enhanced by Ras activity in 

malignant bladder cancer cells 87. Post-translationally, NPM undergoes 

various modifications that define its activity and turn-over. Although 

phosphorylation of NPM was early discovered 88 and NPM phosphorylation 

status was found dynamic in a space and type manner during cell cycle 89 

(discussed later in detail) there is only one article up to date that associates 

NPM phosphorylation to its stability. CDK2 prevents NPM degradation in 

androgen receptor induced apoptosis of prostatic cells through NPM 

phosphorylation 90 . However, CDK2 suppresses BRCA1/BARD1 Ubiquitin 

ligase activity on NPM 91 which was initially shown to promote NPM stability 

during mitosis through K6-linked poly-ubiquitination 92. More conflicting data 

came from studies on the interaction of NPM with the tumor suppressor Arf. 

The latter was initially found to block NPM ribonuclease activity by promoting 

NPM poly-ubiquitination and 26S proteasomal degradation 93. Arf however, 

induces also Lys263 NPM SUMOylation which protects NPM from apoptotic 

degradation, enhances its binding to Rb and stimulates E2F1-mediated 

transactivation 94,95. In the same line of evidence, SUMOylation of NPM at 

Lys263 by nuclear Akt2 promoted NPM stability and NPM- mediated cell cycle 

progression and survival 96. Enhanced NPM stability through K48-linked 

ubiquitination blocking was also induced  by EDAG and estrogen in leukemia 
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and endometrial cancer cells respectively pointing out in both cases the 

carcinogenic facet of NPM 97,98. Likewise, Granzyme M produced by Natural 

Killer cells promoted cancer cell death through NPM cleavage and 

deregulation 99. Moreover, dephosphorylation of NPM at Thr199/234/237 by PP1β 

was found to promote NPM binding to Rb and release of E2f1 which 

subsequently engaged promoters of DNA repair genes and switched them on 
100. A post-transcriptional mechanism of NPM regulation was also proposed 

by Olanich et al.. The group showed that mTOR signaling induced FBP1 

binding to NPM 3’ UTR leading to NPM translational repression and cell 

proliferation blocking 101. The oligomerization capacity of NPM is also 

associated with its regulation. The ratio of oligomer/monomer NPM was 

suspected to define NPM preference in binding RNA versus DNA 102, while 

oligomerization blockage with RNA aptamers led to NPM nucleoplasmic 

translocation and Arf/p53-induced apoptosis 103. Cys21 was found to be an 

important residue that supports NPM oligomerization and chaperone activity 
104, while the cytoplasmic pool of GTP and ATP is essential for proper NPM 

nucleolar localization 105–107. 

 

NPM functions 

Ribosynthesis 

One major function of NPM and the first to be discovered relates the protein to 

pre-ribosomal particle transportation and ribosome biogenesis. Treatment of 

cells with antibiotics like Actinomycin D (ActD) and lyzopeptines halts 

ribosome synthesis while at the same time drives NPM relocalization from 

nucleoli to nucleoplasm 108,109. This fact combined with the observation that 

pre-ribosomal particles reside mainly in nucleoli 110 (where most of NPM is 

normally located) and the fact that NPM can bind nucleic acids (preferably 

RNA) 111 raised the general suspicion that NPM was somehow related to 

rRNA maturation and ribosome synthesis. To this end Herrera et al. found that 

NPM possesses an intrinsic ribonuclease activity that supported its role in 

rRNA splicing and maturation 112. More specifically, NPM mediates rRNA 

splicing between 28s and 18s and can chaperone ribosomal proteins to 
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translocate between cytoplasm and nucleus in order to complete rRNA 

maturation 113–115. NPM binding to rRNA and ribo-nucleoprotein complexes 

(RNPs) is a dynamic event that can be altered during cell cycle progression 

mainly through phosphorylation events driven by CDK-cyclin complexes 
116,117. NPM was additionally found to regulate rRNA gene transcription 

epigenetically through chromatin remodeling of rDNA genomic region 118,119, 

while it can also mediate rRNA processing indirectly by antagonizing other 

endonucleases such as APE-1 for rRNA binding 120. 

NPM acting as a transcription factor  

The ability of NPM to bind nucleic acids is not limited to RNA and multiple 

lines of evidence support a role of this protein in DNA modulation and 

transcription regulation. NPM was found to repress transcriptional activity of 

YY1 and IRF1 121,122 but also to enhance DNA polα activity either directly or 

through pRb 123. Moreover, NPM can bind histones through the acidic central 

domain and participates in nucleosome assembly and chromatin 

decondensation events 124. In this context, NPM blocks AP2a transcription in 

retinoic acid treated cells through chromatin structure repression and histone 

deacetylation 85 but at the same time acetylated NPM upregulates 

transcription of genes, implicated in oral carcinoma development such as TNF 
125. NPM enhances androgen receptor (AR) binding to promoters of genes 

related to prostate cancers and upregulates MnSOD transcription acting in cis 

with NF-κB p50/p65 126 but at the same time it inhibits GCN5-mediated free 

histone and nucleosomal acetylation and transactivation 127. From the data 

mentioned here it becomes clear that NPM can act both as a positive and 

negative regulator of transcription. 

Chaperone activities 

Closely related to NPM ability to affect rRNA processing is its intrinsic 

capacity to chaperone other proteins throughout different sub-cellular 

compartments.  Szebeni & Olson found that NPM can bind and protect heat-

shock denatured protein aggregates, while simultaneously it mediates their 

renaturation and activity preservation 128. It was thus proposed that NPM 

could facilitate rRNA processing through RNP trafficking which is also 
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supported by a study showing that NPM promotes nucleolar localization of 

RPS9 129. Furthermore, NPM offers chaperone support in un-naturally 

occurring proteins in a cell like viral HIV Tat and Rev which were found to 

interact with NPM 130,131. A possible mechanism proposed later by the same 

group identified CK2 as the primary kinase, which mediates subsequent 

association-dissociation events with NPM substrates 132. Other essential 

outcomes of NPM chaperone activities were recently published underlying 

NPM-mediated USP36 nucleolar localization which can affect global nucleolar 

ubiquitination events 133, NPM-mediated SENP3 and SENP5 nucleolar 

accumulation important for ribosome biogenesis 134 and NPM-driven Arf 

nucleolar localization which is pivotal for stress-induced cellular responses 

(mentioned later in detail).  

NPM shuttling capacity 

NPM functions mentioned up to this point rely on its ability to shuttle between 

nucleolar/nuclear and cytoplasmic compartments of the cell. Early 

observations underlined NPM localization mainly in the nucleoli 135, further 

supported by the fact that this protein contains a Nucleolar Localization Signal 

(NuLoS) defined mainly by the presence of two tryptophans (W286, W288) at 

the C terminus of the protein 136. More interestingly, mutations in these 

tryptophans and their interplay with intrinsic and mutation-gained Nuclear 

Export Signals (NES) was proved to be important for the mislocalization of 

this protein reported in many cases of Acute Myeloid Leukemias (AMLs) 137. 

Apart from its pivotal role in rRNA biosynthesis, translocation of NPM from 

nucleoli to nucleoplasm was found to be a global outcome in cells under 

stress provoked either by anti-cancer drug treatment (i.e. ActD, DOX) or 

serum starvation 108,138,139, while a small portion of NPM was also found in the 

cytoplasm 140. Genotoxic stress induced by UVC irradiation was also shown to 

mediate NPM translocation to the nucleoplasm. UVC upregulates c-jun 

expression and concomitant c-jun-NPM interaction driving both proteins out of 

the nucleoli to the nucleoplasmic compartment with various effects on rRNA 

processing and cell proliferation 141. NPM translocation from nucleus to 

cytoplasm was also enhanced in aspirin-treated cells. This stimulus causes 

RelA translocation to the nucleolus accompanied by NPM relocalization to the 
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cytoplasm where it binds BAX and induces apoptosis 142. In the same context, 

LPS stimulation of macrophages was shown to mediate NPM exodus from 

nucleus to the cytoplasm and NPM-mediated upregulation of inflammatory 

cytokines, enlisting thus NPM in the family of "alarmins" 143. NPM shuttling 

was correlated to its oligomer-monomer ratio and was found higher during G1 

and G1/S phases of cell cycle 144. More specifically, a thorough analysis of 

NPM localization during liver regeneration showed a continuous movement of 

the protein from nucleoli to nucleoplasm, cytoplasm, mitotic spindles and 

finally mitotic chromatin supporting a role of NPM also in cell cycle 

progression discussed herein in detail 145. 

Cell cycle regulation-Genome integrity maintenance  

One major function of NPM, commonly related to its implication in pathological 

situations, is maintenance of genomic stability. NPM gets phosphorylated by 

various kinases throughout cell cycle progression and the phosphorylation 

status of NPM is essential for normal cell cycle progression. NPM 

phosphorylation at Thr199 by CDK2/cyclin E relates to NPM dissociation from 

centrosomes and proper centrosome duplication 146. CDK2/cyclin A-mediated 

NPM phosphorylation is detected during S to G2 transition, while CDK1/cyclin 

B phosphorylates NPM at Thr234/237 during mitosis 147,148. PLK2 

phosphorylates NPM at Ser4 during S phase 149 and PLK1/NEK2A-mediated 

NPM phosphorylation promotes its residence in duplicated centrioles during 

G2/M transition and mitosis 150,151. Moreover, phosphorylation of NPM at Thr95 

is essential for NPM nuclear export via Ran-Crm1 complex and re-distribution 

to the centrosomes in G1 152 . KSHV cyclin was  found to associate with 

cellular CDK6 and the complex promoted NPM phosphorylation at Thr199 

resulting in viral latency and induction of p53-mediated apoptosis to avoid 

formation of supernumerary centrosomes often leading to genomic instability 

and cancer 153,154. 

NPM regulates tumor suppressors 

NPM is also known to interact with various tumor suppressors or oncogenes 

and to regulate their turnover and activity. The most well studied partner of 

NPM among them is p14/Arf. Their interaction 155 affects Arf stability through 
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abrogation of ULF-mediated Arf ubiquitination 79,156,157. Moreover, NPM 

competes Arf for HDM2 binding and inhibits thus Arf-depended p53 activation 
158. At the same time, Arf promotes NPM ubiquitination and degradation and 

blocks NPM nucleoplasmic localization and association with HDM2 93,159. 

NPM can further affect p53 activation either by competing HDM2 for p53 

binding or by direct association with p53 160,161. P53 stability, transcription 

activity and mitochondrial relocalization were shown to be affected by NPM 

protein expression levels 162,163 and even more interestingly, NPM was shown 

to set a threshold on p53 activation following DNA damage responses 164. 

Xiao et al. showed that NPM overexpression promotes p21 ubiquitination and 

degradation 165 and in another set of experiments it was shown that NPM 

regulates cMyc nucleolar localization and cMyc-mediated rDNA transcription 

and subsequent cell proliferation and transformation 166,167. Furthermore, NPM 

was shown to promote KRAS membrane localization and KRAS-mediated 

MAPK activation in baby hamster kidney (BHK) cells 168. 

NPM in cellular stress responses 

Early studies on NPM indicated that it participates in cellular responses 

induced under various types of stress. Cytotoxic drugs such as Actinomycin D 

alter NPM subcellular localization 169, a fact that was correlated to cell survival 
170. Moreover, it was shown that NPM regulates global gene expression, 

chromatin structure and rDNA transcription in the presence of cytotoxic 

agents such as Taxol 171. Treatment of cells with the pro-apoptotic ligand TNF 

alters NPM oligomer/monomer ratio, while the bacterial endotoxin LPS can 

cause NPM  cytoplasmic relocalization and NPM-mediated production of pro-

inflammatory cytokines 143,172. Retinoic Acid-induced cellular differentiation in 

leukemic cells decreases NPM mRNA levels, while immortalization of serum 

deprived Ras-transformed cells was attributed to high NPM stability observed 

under the circumstances 173,174. NPM is also shown to mediate radiation-

induced DNA damage responses. Following UVC irradiation, NPM mRNA 

levels are rapidly upregulated promoting thus cell resistance to UVC-induced 

growth inhibition 175,176. Moreover, NPM translocates from the nucleus to the 

nucleoplasm after UVC, a fact that is at least partially mediated by the 

proteasome activity 177,178. UVC induces NPM-Chk1 interaction and Chk1-
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mediated NPM recruitment to chromatin 179. NPM2, a C terminus truncated 

NPM isoform, was found to offer apoptosis resistance to IR-treated cells and 

NPM phosphorylated at Thr199 was found to be recruited through RNF8 and 

RNF168 ubiquitin conjugates in DNA damage nuclear foci after IR irirradiation 
180,181. Furthermore, NPM was found to act as an apoptosis evading protein in 

UVB-induced hermetic response of hepatoma cells 182.  

NPM in disease progression and cancer development. 

The importance of NPM function in maintaining cellular homeostasis is 

underlined by the fact that its deregulation correlates to various diseases with 

cancer being the most prominent. NPM shows aberrant expression in 

melanomas, colorectal adenocarcinomas, hepatocellular, ovarian, prostate, 

lung and breast epithelial adenocarcinomas 80 but it was poorly proven 

whether this fact associated directly with cancer formation or was a 

consequence of tumorigenesis. On the contrary, accumulative data on the 

function of NPM mutants revealed their unique role mainly in the 

establishment of hematopoietic malignancies. Balanced chromosomal 

translocations between the gene of NPM and those of ALK, RAR and MLF1 

produce chimeric protein products with adopted functions correlated to the 

development of ALCL, APL and MDS/AML respectively 183–185. Moreover, 

NPM carrying deletions or C terminus point mutations (designated as NPM 

c+) loses its nuclear-nucleolar localization signals and is subsequently 

detected mainly in the cytoplasm of AML patients. Permanent translocation of 

NPM to the cytoplasm inhibits its physiological functions that take place 

mainly in the nucleus as described before and causes malignant 

transformation of the cells carrying the mutant gene 186. The clinical 

significance of NPM is further underlined by the fact that NPM serves as 

molecular diagnostic marker in ALCLs and AMLs where presence of NPM 

mutants determines prognosis and treatment of patients 187. 
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IKKα 

The NF-κB signaling system 

Nuclear Factor-κB (NF-κB) is a transcription factor implicated in a broad range 

of biological processes such as cell survival, immune responses, 

organogenesis and cell maturation. Its proper regulation is thus pivotal for cell 

homeostasis and is achieved through a complex signaling system that is 

generally known as the NF-κB pathway. The NF-κB family consists of five 

members 188 that act as the ultimate effectors in a signaling cascade starting 

with a proper external stimulus in the cell membrane. The signal is 

subsequently mediated via IKK complexes to IκBα and finally to NF-κB 

precursors through various post-translational modifications. Precursor 

processing leads to the formation of mature NF-κB moieties that can 

potentially form fifteen homo- and heteroduplexes capable of translocating to 

the nucleus. There they bind to responsive κB promoter sites of various genes 

that regulate inflammatory, developmental and survival processes. The NF-κB 

pathway splits into two branches: the canonical, mainly known to orchestrate 

immunological and inflammatory responses and the non-canonical, which 

mediates developmental events. Despite the fact that these branches have 

separated roles, accumulative data during the last years support their cross-

talk under various conditions 189. 

IKKα and the NF-κB canonical pathway 

By the end of the previous century IκBα was already known to associate with 

NF-κB complexes and block their activation. Upon its self activation from 

unknown till then factors it would get degraded releasing at the same time NF-

κB which could then perform its determined role 190. In search of the IκBα 

activator three groups discovered almost simultaneously a new protein kinase 

named IKKα which was formerly identified as CHUK. IKKα could form a 

complex with IKKβ (the "IKK complex" that was later enriched with the IKKγ-

NEMO protein) and mediate IL-1 and TNFα-induced NF-κB activation through 

direct phosphorylation of IκBα at serines Ser32 and Ser36 and IkBβ at Ser19 

and Ser23. Moreover, IKKα can associate with other known NF-κB activation 

mediators such as NIK and TRAF2 191–195. Phosphorylation of IKKα at Ser176 
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by NIK was shown to be essential for its association with MEKK1, TPL2 or 

HTLV-1 protein Tax during NF-κB activation 11,196–198 . The crosstalk between 

the IKKα/IKKβ comlex, RIP and TRAF2 was also shown to be pivotal for 

proper NF-κB induction downstream of TNF through TNFRI receptor and both 

IKKα and IKKβ-mediated NF-κB activation was essential for HSV-1 replication 
199. Furthermore, TNF-induced TRAF2 phosphorylation by PKC and its 

subsequent K63-linked ubiquitination were shown to be pivotal for recruitment 

of both IKKα and IKKβ to the TNFRI receptor and their concomitant activation 
74. IKKα-mediated NF-κB pathway activation and IL-6 production after TNF 

treatment was blocked by Metformin through PI3K-dependent phosphorylation 

of AMPK 200. IKKα was also found to mediate Her2+ breast cancer cell 

invasion through activation of several cytokines and chemokines regulated by 

NF-κB 201. Activation of the canonical NF-κB pathway in TCR-stimulated T 

cells involves phosphorylation of both IKKα and IKKβ by ADAP 202.  

Despite its initial implication in the activation of the canonical NF-κB pathway, 

IKKα was later assumed redundant to this matter inasmuch as ablation of 

IKKα and IKKα phosphorylation-incompetent mutants would not affect proper 

NF-κB activation downstream of inflammatory signals 203–205. Nonetheless, its 

principal role in the IKK complex was soon to be discovered. Structural 

differences between IKKα and IKKβ accounted for different catalytic potential 

and whereas IKKα itself is less potent to promote NF-κB activation than IKKβ, 

it is however essential for IKKβ phosphorylation and subsequent activation 

itself. Their interplay was shown to be unidirectional since IKKβ is not able to 

affect reciprocally IKKα 10,206,207. Activation of the classical NF-κB pathway 

though phosphorylation of IκBα would however be achieved even in an IKKβ-

/-  background leading to the conclusion that IKKα and IKKβ show functional 

redundancy 208.  

The controversial role of IKKα in regulation of the NF-κB pathway was 

furthermore pinpointed in two complementary publications. IKKα (and IKKβ) 

interacts with ABIN-2 and stabilize it by blocking its K48-linked ubiquitination 

and proteasomal degradation. Moreover, IKKα phosphorylates ABIN-2 at 

Ser42 and Ser146 and causes its activation while through a positive feedback 

loop, activated ABIN-2 promotes IKKα auto-phosphorylation and IKKα-
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mediated NF-κB activation 209. On the contrary, TNFα and IL-1 stimulation of 

MEFs causes IKKα-mediated TAX1BP1 phosphorylation at Ser593 and Ser624. 

This event promotes formation of the A20 ubiquitin complex, its recruitment to 

TRAF2 and TRAF6 and their subsequent degradation that ceases NF-κB 

activation. As a result, HTLV-1 protein Tax that blocks TAX1BP1 

phosphorylation induces constitutive NF-κB signaling 210. Tax however, 

induces also a senescence checkpoint in HTLV-1-transduced cells 211 and this 

is happening through IKKα activation by NIK following interaction of Tax with 

NEMO. This signaling cascade is supplemented by simultenuous activation of 

IKKβ by TAK1 showing that Tax-mediated signaling is obscure in the means 

of canonical or non-canonical NF-κB activation 212. 

IKKα role in NF-κB non-canonical pathway 

The production of IKKα knock out mice by the late 90’s promoted our 

knowledge regarding its role in organonesis and development of organisms. 

Loss of IKKα correlated with massive skin and skeletal abnormalities, a 

phenotype that quite surprisingly was not solely ascribed to deregulated NF-

κB activation 204,205,213. This paradox was soon after started to get resolved 

since IKKα was found to be a major component of a second NF-κB pathway 

established as “alternative” thereafter. IKKα was initially found to mediate NIK-

induced NF-κB2 processing and participated in B cell maturation and 

secondary lymphoid organ formation 214. B cell linage commitment was 

however later shown to be regulated by IKKα via combined canonical and 

non-canonical NF-κB-mediated regulation of Pax5, a transcription factor 

known to promote expression of genes that control B cell differentiation 215. 

NIK phosphorylates directly IKKα at Ser176 196, while  in a negative feedback 

loop IKKα phosphorylates NIK at Ser809,812,815 and destabilizes it, 

irrespectively of TARF-cIAP activity on NIK, blocking in this way aberrant 

activation of the alternative NF-κB pathway 216. In support of a novel role for 

IKKα, it was shown that it could drive RelB:p52 but not RelA:p50 dimers to 

specific κB promoter sites of genes implicated in distinct organogenesis 

processes 217. Production of RelB:p52 dimers was attributed to IKKα function 

on p100 processing and the whole process was fine-tuned by Akt 218,219. 

Exacerbated IKKα activation was correlated to chondrocyte differentiation and 
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hypertrophy 220 and in line with this, downregulation of miRNAs 223, 15α and 

16 during differentiation of monocytes to macrophages was shown to drive 

IKKα upregulation and subsequent activation of the alternative NF-κB 

pathway leading to repression of macrophage hyperactivation and priming to 

pro-inflammatory stimuli 221. 

IKKα regulation and NF-κB irrelevant IKKα activities 

Accumulative data over the last years underlined a more universal role of 

IKKα in refining important biological processes often not related to what was 

already known as canonical or non-canonical NF-κB pathway and usually 

based to its intrinsic transcriptional activity. This rationale was initially 

supported by the fact that IKKα could translocate to the nucleus itself making 

somehow redundant the need to activate the NF-κB pathway that leads to 

nuclear accumulation of the NF-κB family transcription factors 222. TNF-

mediated nuclear accumulation of IKKα was shown to affect phosphorylation 

and acetylation of histone H3 and concomitant transcription of cytokines IL-6 

and IL-8 223,224. IKKα-driven H3 phosphorylation was NIK-mediated 225 and 

NIK was further implicated in TLR7/9-driven IKKα phosphorylation and 

subsequent IRF3/7 activation and IFNα production. Interestingly enough, NIK 

mediates phosphorylation of IKKα both at Ser176 and Ser180 showing a positive 

or negative effect on IRF3/7 activation respectively a fact that underlines the 

complexity and accuracy of IKKα tight regulation 226.  

Nuclear IKKα was also found to affect CBP/p300-mediated iNOS production 

in Lovastatin-treated cells and to enhance IκBα release from Hes-1 promoter 

leading to subsequent Hes-1 upregulation in TNFα-treated cells 227,228. 

Production of MMP-9 in LPS-treated cells was shown to be regulated by IKKα, 

which in association with Akt affects p65-mediated MMP-9 transcription 229. 

Helicobacter pylori infection-associated IKKα nuclear accumulation was 

correlated to aberrant chemokine production from gastric epithelial cells 

predisposing to gastric inflammation and cancer 230. IKKα function was also 

related to human hematopoietic malignance in an NF-κB-irrelevant cIAP-

mediated fashion downstream of oncogenic tyrosine kinase activation 231. 
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NF-κB irrelevant IKKα functions were also related to cancer biology. Of 

paramount importance is the association of IKKα with cell cycle progression 

and cell proliferation. To this end, it was shown that IKKα positively regulates 

PI3K-mediated and β-catenin/Tcf-associated transcription of cyclin D1 232, 

while its direct interaction with cyclin D1 regulates the latter’s turnover and 

subcellular localization 233. In the same principal, IKKα associates with cyclin 

D and c-myc promoters in a complex with ERα and AIB1/SRC-3234. IKKα-

mediated transition of cells from G1 to S phase was also achieved through 

transcriptional regulation of p27Kip1 by Skp2 235. Implication of IKKα in cell 

cycle progression was not limited to S phase since it was found that it also 

regulates cyclin B1 and PLK1 levels and phosphorylation of Aurora A in 

centrosomes during mitosis 236. Moreover, IKKα loss caused G2/M arrest fail 

due to Suv39h1-mediated 14-3-3σ hypermethylation and subsequent 

downregulation 237.  

The importance of IKKα in epidermal development was high-lightened by the 

fact that its loss or mutation-related inactivation drove squamous cell 

carcinomas in humans and relative chemical-induced cancer models 238–240. In 

a molecular level, IKKα abrogates keratinocyte and epidermal differentiation 

though TGFβ/Smad2-3-mediated transcription of cell proliferation inhibitors 

such as Mad-1 in a Smad-4-independent manner. Transcriptional regulation 

of IKKα by p63 was underlined as important for normal keratinocyte 

differentiation and loss of IKKα was correlated to human ectodermal 

dysplasias 241. Moreover, patients with ectodermal dysplacia with immune 

deficiency (EDI) show low IL-12 levels due to reduced phosphorylation of 

histone H3 by IKKα and concomitant recruitment of RelA and cRel on IL-12 

promoter 242.  

IKKα gets transcriptionally upregulated via TNF-induced USP11 activation 

and this fact leads to enhanced stability and activation of p53.  At the same 

time however, IKKα phosphorylates CBP at Ser1382 and Ser1386 and increases 

its transcriptional activity on NF-κB but not p53 promoter responsive elements 

favoring in this way cell proliferation versus senescence or apoptosis. In line 

with this, tumor infiltrating cells expressing RANKL promote IKKα nuclear 

translocation and subsequent repression of Maspin, a known anti-metastatic 
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factor 243–246. Moreover, enhanced survival of Caski cervical carcinoma cells 

was attributed to the interaction of IKKα with Notch1 and subsequent IKKα-

mediated upregulation of survival genes 247. In fact, IKKα was recruited to 

ERα target genes through Notch 1 promoting ER-mediated survival of ER+ 

breast cancer cells 248. Liu et al. found that IKKα phosphorylates FOXA2 at 

Ser107,11 downstream of TNF treatment. FOXA1 was subsequently repressed 

causing simultaneously reduction of NUMB, a negative regulator of Notch-1 

signaling and the concomitant hyperactivation of Notch-1 was correlated to 

formation of hepatocellular carcinomas 249.  

IKKα expression however, was not related to the progression of human 

colorectal cancer implicating IKKα activity in early stages of cancer formation 
250. On the contrary, high IKKα expression promoted liver cancer formation 

through metastatic and pro-survival mechanisms 251 and inhibition of IKKα 

repressed prostate cancer invasion and metastasis 252. IKKα was also found 

to protect from UVB-induced skin carcinogenesis and a possible mechanism 

is based on IKKα-mediated cyclin D1 down-regulation and G0/G1 arrest 
253,254. Pancreas-specific IKKα ablation promotes NF-κB-irrelevant 

spontaneous pancreatitis in mice that is caused by deregulation of autophagy 

in acinar cells. More specifically, IKKα was shown to control cell homeostasis 

through its interaction with autophagy-related ATG16L2 and accumulation of 

p62-associated substrates 255.  

IKKα function was further related to inflammatory and inflammation-

associated carcinogenesis mechanisms. IKKα is pivotal for terminal 

differentiation of keratinocytes and skin inflammation control though induction 

of Myc antagonists Nod-1 and ovo-like 1 and simultaneous suppression of 

EGFR, ERK, cJun and Stat-3 signaling and growth factor production 256,257. 

Furthermore, IKKα promotes SUMOylation-depended phosphorylation of 

PIAS at Ser90 driving its binding to inflammatory gene promoters and their 

subsequent repression. Moreover, HCV activates IKKα through DDX3X and 

drives its nuclear accumulation and IKKα-promoted CBP/p300-mediated 

transcription of SREBPs which orchestrate lipogenesis and viral assembly. 

Thus, the virus takes advantage of host NF-κB-unrelated IKKα activity to 

achieve its cycle and infection 258. In another context, IKKα kinase dead knock 
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in mice show an IKKαlowK5+p63hitrim29hi phenotype and develop 

inflammation-associated spontaneous lung squamous cell cancer (SCC) 

underlying a novel NF-κB-unrelated role in inflammation-mediated 

carcinogenesis 259. 

 

MiRNAs 

Discovery and function 

At 1993 the Ambros Lab at Harvard University discovered a small RNA 

transcript called lin-4 that was essential for the normal development of the 

nematode C.elegans. Its size was calculated between 20-60 nucleotides (nt) 

and it was not translated into a protein but would rather bind the 3’-UTR of 

LIN-14 mRNA in a sense-antisense way and repressed its translation 260. The 

first microRNA (named after its short size) had been discovered but it was 

until the beginning of the next century that the presence of these newly 

identified molecules was generally established. While studying the 

heterochronic gene pathway of development in C.elegans, Gary Ruvkun 

(Harvard Medical School) and his colleagues recapitulated the data on lin-4 

and discovered a second short RNA transcript named let-7 that was capable 

of regulating a series of genes implicated in growth not only of the nematode 

but of various animal species as well in a conserved way 261,262.  

MiRNA production and processing 

MiRNAs are endogenous non-coding RNAs composed of 19-25 nt. Their 

genes are transcribed by Pol II into pri-miRNAs that consist of 60-100 nt and 

fold into stem-loop structures  263,264. Pri-miRNAs are cleaved in the nucleus 

by a nuclear RNAse III named Drosha which acts in a complex with DGCR8 
265. The products which are thereafter called pre-miRNAs, bear 2-nt 

overhangs at their 3’ ends and exert the nucleus through the exportin/5-

RanGTP complex 266,267. In the cytoplasm GTP is hydrolysed and pre-miRNAs 

are processed by Dicer, a second RNAse III enzyme into mature ~22 nt 

miRNAS 268. MiRNAs are then assembled into ribonucleoprotein (RNP) 

complexes called miRNA-induced silencing complexes (miRISCs). The key 
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components of miRNPs are proteins of the Argonaute (AGO) family. AGO 

proteins may regulate both miRNA and small interfering RNA (RNAi) 

pathways and it was found that in mammals, four AGO proteins (AGO1 to 

AGO4) function in the miRNA repression machinery 269. One of the two 

miRNA strands is chosen based on thermodynamic properties and is driven to 

its complementary mRNA target. Full complementarity leads to RNAi and 

mRNA slicing whereas imperfect matching between miRNA and mRNA 

causes translational repression 270–272. miRNAs bind to the mRNA 3’-UTR 

region and since no perfect complementarity is usually required, it was initially 

speculated and later proved that one miRNA can regulate the translation of 

many mRNAs 273,274. Apart from this canonical miRNA biogenesis pathway, 

new alternative pathways have been discovered over the last years. Short 

hairpin introns produced by mRNA splicing give rise to miRNAs known as 

miRtrons that bypass the Drosha-mediated step during their maturation 275. 

MiRNAs can be produced also from Box H/ACA- and Box C/D snoRNAs, 

tRNAs and endogenous shRNA and siRNA pathways while their production 

may also be Dicer-independent 276. The diversity of miRNAs is further 

enhanced post-transcriptionally through adenosine to inosine (A-to-I) RNA 

editing 277. 

 

MiRNA organization, expression and activity 

Proximal miRNAs can be clustered and co-expressed as polycistronic units 

and intronic miRNAs are generally co-expressed with their host genes 278–280. 

When intronic miRNAs are antisense to the apparent host gene, they appear 

to originate from ill-characterized antisense transcription units. MiRNA 

precursors can also reside in exons in sense orientation or even in 3’-UTRs of 

mRNAs and they can behave as mRNAs themselves 263,281,282. Expression 

and regulation of miRNAs shows tissue specificity in vertebrates, while 

intriguingly enough miRNAs and their target mRNAs do not always show the 

same spatial expression patterns 283–285. Moreover, exogenous expression of 

miRNAs, localized primarily in specific tissues, can shift their target mRNA 

expression profile towards specific tissue differentiation 286. Equally important, 
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miRNAs are often found in genomic regions prone to changes related to 

cancer development 287.  

 

The primary role of miRNAs is mRNA translation inhibition and is achieved 

through perfect Watson-Crick "seed" matching between nucleotides 2-8 

(starting at the 5’ end) of the miRNA and the target mRNA 3’-UTR 288. The 

location of the central loop in miRNA:MRE (miRNA recognition elements) and 

the presence of flanking adenosines around the seed region are also 

important for the efficiency of mRNA regulation 289,290. Proposed models for 

miRNA-mediated post-transcriptional gene repression focus on inhibition of 

translation initiation 291, mRNA degradation following removal of poly-A tails 
292 or blocking translation after initiation 293. Their activity can be blocked by 

complementary antisense 2’-O-methyl oligoribonucleotides 294 that work with 

high specificity and were commonly referred as antagomiRs 295. A variety of 

algorithms for the prediction of miRNA targets has been developed over the 

years in an effort to produce software often available online to public. These 

tools such as TargetScan, PicTar, EIMMo, MiRanda and miRBase 296 provide 

in silico data that offer a platform for further investigation of miRNA:mRNA 

interactions and their physiological role through a variety of gain- and loss-of 

function based assays 297.  

 

The role of miRNA in tumorigenesis 

 

Being able to offer a post-transcriptional regulation of protein synthesis, 

miRNAs have been considered to play a great role in orchestrating the cellular 

homeostasis. It comes unsurprisingly thus that miRNAs regulate 

developmental processes, genome integrity maintenance, signaling cascades 

and other major hallmarks of cell physiology. For the purpose of this thesis, 

however the literature will be narrowed down to miRNAs related to cancer and 

inflammation-based carcinogenesis. 

The role of miRNAs in the establishment and progression of cancer is 

extended to all aspects known as the hallmarks of cancer 298. Kefes et al., 

showed that reduced expression of miR-7 in glioblastoma cells is correlated to  
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lower EGFR expression and subsequent Akt activation 299. Constitutive Ras 

expression in various cancer cell types was also inhibited by various miRNAs 

such as let-7 and miR-18a*, while at the same time melanomas expressing 

mutated B-RAF show a number of deregulated miRNAs underlying that 

feedback signaling loops coordinated by miRNAs may drive acquisition of self 

sufficiency in growth factors 300–302. At the same time, loss of growth inhibitory 

signals which also drives carcinogenesis is affected by miRNAs. MiR-146b-

5p, found upregulated in papillary thyroid carcinomas, inhibits SMAD-4 

expression and destructs the anti-proliferative signaling circuit orchestrated by 

TGFβ 303. Moreover, miR-215 overexpression in gastric carcinoma patients 

was found to inhibit RB1 expression leading to excess cell proliferation 304. 

Carcinogenesis is also linked to evasion of apoptotic machineries that restrain 

uncontrolled cell proliferation. Pro-apoptotic Bcl-2 was inhibited by miR-125b 

and miR-155 in CD40L-stimulated human leukemic B cells 305. Blocking of 

Bcl-2 expression which is related to the development of Chronic Lymphocytic 

Leukemia (CCL) was also attributed to aberrant expression of miR-15a and 

miR-16-1 in these hematopoietic tumors 306. In another fashion, miRNAs K12-

1, 3, 4-3p expressed by Kaposi’s Sarcoma Herpesvirus are found to block 

host caspase 3 expression, promoting thus unsustained proliferation and 

carcinogenesis 307. Limitless replicative potential expressed through aberrant 

telomerase activity was also found to be regulated by miRNAs. MiR-138 

inhibits hTERT expression and this fact is believed to drive development of 

anaplastic thyroid carcinomas and malignant neuroblastomas 308,309. 

Moreover, hTERT is regulated by miR-21 through STAT3 and disruption of 

this circuit leads to glioblastoma development 310. Another important feature of 

cancer is sustained angiogenesis. MiR-503 was found to inhibit FGF2/VEGFA 

and its downregulation correlates with enhanced angiogenesis in 

Hepatocellular Carcinomas (HCC) 311. Ovarian cancer patients gain often 

resistance to chemotherapy and Vechione et al. showed that these patients 

had low expression levels of miR-484 which in turn was found to be secreted 

from cancer cells and affected VEGFB and VEGFR2 expression in nearby 

endothelial cells promoting thus angiogenesis and resistance to the specific 

treatment scheme 312.  
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The most dubious trait of cancer progression is the ability of cancer cells to 

invade the host tissue and migrate to distal organs. A handful of data arise 

during the last decade implicating that miRNAs play an important role in 

metastasis of cancer cells. MiR-184 was found downregulated in HHC and re-

induction of its expression correlated with elevated E-Cadherin levels and 

simultaneous abrogation of the Met/Snail signaling pathway that promotes 

epithelial to mesenchymal transition (EMT) an important characteristic of 

metastatic cancers 313. Smad3 was found to mediate gastric cancer EMT 

independently of TGFβ by regulating the transcription of the miR-200 family. 

MiRNAs of this family were found to regulate E-Cadherin expression through 

modulation of its transcription factors ZEB1 and 2 314. Moreover, ZEB1 and 

TGFBR2, which are essential components of the TGF-b signaling pathway, 

were identified as direct targets of miR-655 in pancreatic cancer cells, 

suggesting that the activation of the TGF-b-ZEB1-E-cadherin axis by aberrant 

downregulation of miR-655 may accommodate EMT and accelerate cancer 

progression 315. MiRNAs were further implicated in the arising theory of 

cancer development and maintenance through the presence and activity of 

cancer stem cells 316. MiR-218 for example was found to reduce the stem cell 

like phenotype of glioma cells through inhibition of Bmi1 317. Moreover, miR-

34a regulates the balance between self renewal and differentiation of colon 

cancer stem cells through direct association with Notch mRNA 318. 

MiRNAs were also implicated in emerging hallmarks of cancer 319. 

Accelerated and higher metabolism suffices for cancer cell thriving and fine 

tuning of the metabolic processes may offer a therapeutic solution. 

Downregulation of miR-326 in glioblastomas accounts at least partially for the 

exacerbated expression of  Pyruvate Kinase M2 (PKM2) which promotes 

cancer cell metabolism 320. Moreover, in renal cell carcinomas with high 

expression of SLC2A1/GLUT1 it was evidenced that its immediate regulator, 

miR-1291 was downregulated 321. Another important driving feature of 

carcinogenesis is high mutagenesis rate and incapability to regulate genome 

integrity. Valeri et al. showed that miR-155 was downregulated in MSI-related 

(microsateline instability) tumors with inactivated mismatch repair 

mechanisms (MMR). MiR-155 expression was directly correlated to that of 
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hMSH2-5 and hMLH1, proteins involved in MMR and found upregulated in 

MSI-related cancers 322. Furthermore, negative regulation of tumor suppressor 

p53 is partially achieved through miR-125b and thus miR-125b regulates cell 

DNA Damage Response (DDR) and cell fate  323. 

Deregulation of miRNA activity may also block the development of a proper 

immune response and amplify inflammation and inflammation-associated 

carcinogenesis which compose the remaining hallmarks of cancer observed 

up to date. MiRNAs are implicated both in innate and adaptive immunity 
324,325, the two main branches of the immune system. A major transcription 

factor that links inflammation to carcinogenesis is NF-κB. NF-κB gets 

activated during inflammatory responses and subsequently regulates a 

number of genes linked to tumorigenesis (previously mentioned). MiR-146a/b 

was found to inhibit NF-κB and NF-κB-mediated gene transcription of IL-8, IL-

6 and MMP9 lowering thus the capacity of breast cancer cells to metastasize 
326. In a seminal article published in Cell at 2009, Iliopoulos and colleagues 

showed that transformation of breast epithelial cells was achieved through a 

signaling cascade starting with Src activation. Src enhances NF-κB activity, 

which in turn triggers LIN-28 upregulation. LIN-28 blocks Let-7 expression and 

causes IL-6 upregulation. The final outcome is up-regulation of Stat-3 that 

triggers numerous carcinogenic molecular circuits 327. Following work from the 

same group showed that Stat-3 regulates a positive feedback loop on NF-κB 

activation through miR-181b-1 and miR-21 upregulation 328. Stat-3-mediated 

miR-21 upregulation downstream of IL-6 was also found to mediate survival of 

multiple myeloma cells 329. Of note, the axis Let-7-IL-6-Stat3 was also shown 

to mediate survival of human malignant cholangiocytes 330, while blocking of 

Stat-3 by miR-124 suppressed growth of human colorectal cancer cells 331. 

The presence of reactive oxygen species (ROS) in an inflammatory milieu is 

also implicated in carcinogenesis.  Zhang et al. found that miR-21 reduces the 

conversion rate of superoxide to hydrogen peroxide through inhibition of SOD-

2 and SOD-3 causing thus production of ROS and cell transformation 332. 

MiR-128a and miR-200a were found to upregulate ROS through inhibition of 

Bmi1 and p38a respectively. In the first case, ROS production caused the 

entrance of medulloblastoma cancer cells into senescence, while in the 
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second report ROS over-production rendered ovarian cancer cells prone to 

antioxidant therapy 333,334.  

Colon microbiome plays also a great role in inflammation-mediated 

carcinogenesis through the production of various metabolites. To this end it 

was found that the anti-cancer effects of the microbe-derived SCFA butyrate 

may be mediated in part via changes in miRNA expression. A miRNA 

microarray study on human colon cancer cells showed decreased expression 

of the miR-106b family which correlated with low p21 expression and reduced 

cell proliferation 335. H. Pylori infection often related to gastric cancer 

development attenuates Let-7 expression through cytotoxin-associated gene 

A (CagA) and this fact causes elevation of RAS signaling and cancer 

progression 336. In another context, macrophages infiltrating IBD 

(Inflammatory Bowel Disease) and UC (Ulcerative Colitis) lesions associate 

with high NO· production and NO·-mediated senescence in neighboring 

epithelia. This fact correlates with high expression of miR-21 which is also 

found high in pre-cancerous colon adenomas implicating its association in IBD 

and UC-mediated colon carcinogenesis337. Moreover, elevated miR-31 

expression following progression of IBD to colon dysplacia inhibits HIF-1 

(Hypoxia Inducible Factor-1) which is a negative regulator of VEGF and FGF 

expression promoting thus neo-vascularization, another hallmark of cancer 
338. Even more strikingly, secreted miR-21 and miR-29a from lung cancer cells 

are able to trigger a prometastatic inflammatory response through production 

of IL-6 and TNFα and promote tumor growth and metastasis 339. Finally, TNF 

was found to induce apoptosis of  endothelial cells through suppression of 

mir-34α  and concomitant overexpression of caspase 7 and STK4 340. 
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Expression constructs and Mutagenesis 

Full length NPM cDNA (PubMed NM_002520.6) designated as "WT NPM" 

was PCR-amplified (26 cycles x 94oC 40 sec, 58oC 40 sec, 72oC 100 sec) 

from a human cDNA library using the following primers: For: 5’-

GATTCGATGGACATGGAC-3’ and Rev: 5’-TTAAAGAGACTTCCTCCACTG-

3’. The amplicon was inserted into pCR®2.1 TOPO vector (Invitrogen) 

according to the manufacturer’s guidelines and then sub-cloned into myc-

tagged (MT) pRK5 mammalian expression vector (pRK5-MT-NPM) or pGEX-

2TK-GST (C terminal) bacterial expression vector (GE Healthcare) as a 

BamHI-EcoRI fragment with the utilization of the T4 DNA ligase system 

(Roche). GST-NPM deletion mutants were constructed with PCR amplification 

using 10 ng GST-NPM WT as template. The primers used are: aa 1-120 (For: 

WT, Rev: 5’-TAACTCCACAGCTACTAAGTGCTG-3’), aa 1-188 (For: WT, 

Rev: 5’-TAATTCTTCAGCTTCCTCATCATC-3’), aa 1-244 (For: WT, Rev: 5’-

GTCTTCTACAGAACTAGGTCC-3’). The PCR conditions were similar to 

those used for WT NPM cDNA amplification. Annealing temperatures were 

calculated in each case according to the equation: 64.9 + 0.41(%G +%C) – 

600/n where n: number of nucleotides/primer. NPM point mutations threonine 

199 to alanine (T199A) and lysine 299 to arginine (K299R) were generated 

using the QuikChange™ Site-Directed Mutagenesis Kit (Stratagene) 

according to the manufacturer’s guidelines. 10 ng MT-NPM or GST-NPM 

were used as template together with the following primer sets: 5’-

AAATCTATACGAGATGCACCAGCCAAAAATGCA-3’ and its complementary 

for T199A and 5’-GGACAAGAATCCTTCCGAAAACAGGAAAAAACT-3’ and 

its complimentary for K229R. pcDNA3-NPM-ALK plasmid DNA was a 

generous gift from Dr. S. Turner (Department of Pathology, University of 

Cambridge). Myc-tagged wild type (MT-TPL2) and kinase dead (K167M) 

TPL2 (MT-TPL2 KD) constructs were a kind gift from A.Weiss (Rosalind 

Russell Medical Research Center for Arthritis, UCSF, CA, USA). For the 

generation of pcDNA3-TPL2, TPL2 was subcloned from pRK5-MT (MT-TPL2) 

to pcDNA3 plasmid vector with BamHI-EcoRI double digestion. All constructs 

were produced with the Expand High Fidelity PCR System (Roche) and 

subsequently sequenced (Macrogen Co.) to ensure error proof cloning and/or 
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mutagenesis. MT-NF-κB1 341, MT-NF-κB2 342, GST-IκBα (aa 1-62) and HA-

NIK 44, GST-MEK (K207A) 4 and HA-ERK1 12 were elsewhere described. HA-

Ub (ubiquitin) was a kind gift from Dr. A. Malliri (Paterson Institute for Cancer 

Research, Manchester).  

Bacteria-based Molecular Biology Techniques 

Transformation of competent E.coli bacteria 

Plasmid DNA or ligation products were transformed into chemically-competent 

E.Coli bacterial strains DH5α or BL21 (for GST carrying plasmids). The 

bacteria were transferred from -80°C and thawed on ice. The DNA was added 

to the cells (approximately 100 ng for plasmid DNA or 10μl of the ligation 

reaction) and after a 20 min incubation on ice, they were treated by heat 

shock (42°C for 2 min) followed by a 2 min quick chill on ice. Pre-warmed 

SOC media [2% (w/v) tryptone, 0.5 % (w/v) yeast extracts, 10 mM NaCl, 2.5 

mM KCl, 10 mM MgCl2, 10 mM MgSO4, 20 mM glucose, pH to 7] was added 

to the bacteria (0.5 ml) and they were incubated for 1 hour at 37°C on a 

shaking rotor. Bacteria were subsequently plated on LB-agar containing the 

appropriate antibiotics (mainly 100 μg/ml Ampicillin or 50 μg/ml Kanamycin) 

and incubated overnight at 37°C.  

DNA extraction 

Minipreps 

Single colonies were selected from the LB agar plates, placed into 5 ml - of 

LB media - starter cultures of [(0,01% (w/v) tryptone, 0,005% (w/v) yeast 

extracts, 0,01% (w/v) NaCl] containing the appropriate antibiotic (mainly 100 

μg/ml Ampicillin or 50 μg/ml Kanamycin) and grown overnight onto a shaking 

rotor at 37°C. The liquid cultures were centrifuged at 3500 rpm for 15 min to 

pellet the bacteria and resuspended in 200μl GTE buffer [25 mM Tris-HCI pH 

7.5, 10 mM EDTA pH 8.0, 1% glucose (v/v)] supplemented with RNAse A 

(250 μg/ml). The bacterial cells were lysed in 400 μl of freshly-made Lysis 

Buffer [200 mM NaOH, 1% SDS (w/v)] and the mix was neutralized after a 5 

min incubation on ice with 300 μl Solution III [3M CH3COOK in acetic acid]. 

The DNA was precipitated in ice-cold ethanol for 30 min on ice and pelleted at 
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13000 rpm for 30 min (4°C). The pellets were washed in 200 μl 70% ethanol, 

and left to air-dry. The DNA was resuspended in 25-50 μl TE buffer (10 mM 

Tris-HCl, 1 mM EDTA pH 8.0) and left overnight at 4°C prior to determination 

of DNA concentration to maximize the yield. The concentration of DNA was 

measured using NanoDrop ND-1000 Spectrophotometer.  

Midipreps and maxipreps 

The plasmid DNA was extracted from the bacteria using the Plasmid Midi- or 

Maxi Prep Kit (Qiagen) or the Macherey-Nagel Kit according to the 

manufacturer’s instructions. The resulting DNA pellet was resuspended in 50-

150 μl of TE buffer. The concentration of the DNA was determined using the 

NanoDrop ND1000 Spectrophotometer and/or gel agarose analysis.  

Restriction digestion of DNA plasmids 

Plasmids were routinely checked with restriction digestion to verify successful 

cloning. Briefly, approximately 1 μg of plasmid DNA was cut with the desired 

restriction enzymes according to the individual restriction map. Roughly 1 unit 

of each enzyme was used per 1 μg of DNA in a 20 μl reaction. BSA was 

added if necessary to a final concentration of 100 μg/ml and the reactions 

were incubated at 37°C for 11/2 hour and analyzed by agarose gel 

electrophoresis.  

Detection of nucleic acids 

Nucleic acids were mixed with loading buffer [20% Ficoll 400, 0.1 M Na2EDTA 

pH 8.0, 1.0% sodium dodecyl sulfate (vol/vol), 0.25% bromophenol blue 

(w/vol), 0.25% xylene cyanol (v/v)] and run on a 1-2% agarose/ethidium 

bromide/1xTAE gel. 2-3 μl of λ DNA digested with PstI was run as a standard 

on a Power 300 Electrophoresis Power Supply (Fisher Scientific).  

RNA extraction and qRT-PCR 

Total RNA was extracted from cells with 1 ml/60mm cell culture dish Trizol 

Reagent (Life Technologies). RNA quantity and quantity were calculated with 

Nanodrop. Following DNAse pre-treatment (Invitrogen), 1 μg of total RNA was 

transcribed to cDNA with Superscript III Reverse Transriptase (Life 
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Technologies) using oligo-dT primers. Subsequently, samples were qPCR 

amplified using Platinum SYBR Green qPCR Super Mix UDG kit (Life 

Technologies) in a MJ Research Chromo4 Real Time PCR instrument (MJ 

Research). The primers used are: human TPL2 (For: 5’-

GCAAGAGGCTGCTGAGTAGC-3’, Rev: 5’-CATATTCAAGCGTTGGTGGT 

CCC-3’), human/mouse GAPDH (For: 5’-GACCACAGTCCATGCCATCAC-3’, 

Rev: 5’-CAGGGATGATGTTCTGGAGAGC-3’), mouse IL-6 (For: 5’-

GTCCTTCAGAGAGATACAG-3’, Rev: 5’- TCTTAGGAGAGCATTGG -3’). 

PCR reaction conditions were arranged according to kit manufacturer’s 

guidelines and the Tm was 60oC in all cases. Data analysis was performed 

using the standard curve method. A serial of dilutions from untreated cells 

was used for the construction of the standard curve. GAPDH was used as 

internal control for the normalization of the detected values. miRNA qRT PCR 

was performed with Taqman MicroRNA assay kit (Life Technologies) 

according to the manufacturer’s instructions with the utilization of U6 snRNA 

as internal control. 

Cell Culture, Transfection assays and Gene Silencing. 

A549 lung epithelial carcinoma cells, MCF7 breast epithelial carcinoma cells, 

HeLa cervical carcinoma cells, Human Embryonic Kidney (HEK) 293T cells 

and wild type or IKKα Knock out MEFs (kindly provided by Dr. M. Pasparakis, 

Institute for Genetics, University of Cologne) were cultured as monolayers in 

Dulbecco’s Modified Eagle Medium (D-MEM), containing GlutaMAXTM and 

pyruvate supplemented with 10% Fetal Bovine Serum (v/v) (Gibco). 

Maintenance of wild type (WT), TPL2 knock out (KO) and TPL2 KO MEFs 

stably expressing HA-TPL2 (TPL2-/-.HA-TPL2 MEFs) was performed as 

previously describe 61. For transfection assays, cells were plated at 40% 

confluency and 24 hours later they were transfected with the designated 

quantity from each plasmid using Lipofectamine Reagent (Life Technologies) 

according to manufacturer’s instructions. Cells were collected and lysed 24-36 

hours post-transfection in lysis buffer containing 0.5% Triton X-100, 150 mM 

NaCl, 50 mM Tris-Cl pH 7.4, 1 mM EDTA, 1 mM Na3VO4, 10 mM NaF, 20 mM 

glycerophosphate and protease inhibitor cocktail (Sigma-Aldrich).  
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Gene silencing was performed using Lipofectamine RNAiMax Reagent 

(Invitrogen) according to the manufacturer’s instructions. TPL2 knock down 

was efficiently achieved after one or two rounds of siRNA transfection using 

Dharmacon SMARTpool ON-TARGETplus MAP3K8 siRNA (#L003511, 

Thermo Scientific) or a combination of three Stealth siRNAs against MAP3K8 

from Invitrogen (#HSS102181-182-038). The siRNA duplex sequences used 

for NPM depletion were designed according to previous published data 161 

and were purchased from Dharmacon (Thermo Scientific). Control Luciferase 

siRNA (sense: 5’-UACGCUGAGUACUUCGATT-3’, antisesnse: 5’-UCG 

AAGUACUCAGCGUAAG-3’) was custom-made and purchased from Ambion. 

Working concentration of each siRNA was 10-20 nM.   

Primary cell extraction and manipulation 

Two month old female mice were sacrificed and bone marrow was flushed 

from tibias and femurs with 5 ml BMDM medium (49% DMEM, 20% FCS, 

30% LC medium, 1% P/S) using a 26G needle, after excessive removal of 

muscles from the bones. The cells were pelleted (2 min, 1200 rpm) and red 

blood cells were removed after resuspension of the pellet in 0,165M NH4Cl 

and incubation at 4oC for 2 min. The remaining cells were plated in 175 cm2 

flasks containing 50 ml BMDM medium (cells from one leg/flask). Seven days 

later the supernatant was removed and the remaining cells were detached 

with versene (GIBCO), counted and plated for treatment 24 hours later. For 

the preparation of LC medium, L929 cells were cultured in 175 cm2 flasks 

containing DMEM supplemented with 10% v/v FBS until confluence. The 

supernatant was collected, filtered through 0,2 μM syringe filters (Santorius 

Stedim) and saved at -20oC for future use. Efficient differentiation of bone 

marrow cells to macrophages (> 80%) was checked with FACS. Briefly, 105 

cells were washed in 1x PBS pH 7.4, transferred in BD Falcon 12x75 mm 

tubes (BD Biosciences) and stained with a combination of α-F480-PE and α-

CD11b-FITC antibodies (BD Biosciences) for 30 min on ice. The cells were 

further washed twice in 1x PBS pH 7.4, resuspended in 1x PBS pH 7.4 and 

analyzed in FACS (FACSCalibur, BD Biosciences). B cell primary cell 

isolation was performed with the B cell Isolation Kit II from MACS (Miltenyi 

Biotec) according to the manufacturer’s guidelines. 
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Cell treatment, lysis and fractionation  

Cells were irradiated with 20 J/m2 UVC (Vilber Lourmat) as described before 
343. Alternatively they were treated with cis-platin (Sigma-Aldrich) at a final 

concentration of 25 μM or Actinomycin D (Sigma-Aldrich) at 0.05 μg/ml for the 

indicated time periods. Recombinant human TNFα (R&D systems) was used 

at a final concentration of 20 ng/ml and CD40L (Bender) at 1 μg/ml. MG132 

(ENZO life sciences) was used at a final concentration of 20μM and was 

added to the medium one hour prior to stimulation. TPL2 kinase inhibitor 

(Merck-Millipore) was added at the culture medium one hour prior to 

stimulation at a final concentration of 20μM. DMSO (Applichem) was used as 

vehicle control. Following treatment, cells were washed twice with 1x PBS pH 

7.4, collected and incubated on ice for 20 min in lysis buffer containing 0.5% 

Triton X-100, 150 mM NaCl, 50 mM Tris-Cl pH 7.4, 1 mM EDTA, 1 mM 

Na3VO4, 10 mM NaF, 20 mM glycerophosphate and protease inhibitor cocktail 

(Sigma-Aldrich). Alternatively RIPA lysis buffer was used to ensure efficient 

lysis of nuclei. Fractionation of cells into cytoplasmic and nuclear 

compartments was performed in a two-step procedure. Cells were firstly lysed 

in a hypotonic buffer (20 mM Hepes pH 7.6, 10 mM NaCl, 1.5 mM MgCl2, 0.2 

mM EDTA, 0.1% NP-40, 20% glycerol, 1 mM DTT, 1 mM Na3VO4 and 

protease inhibitor cocktail) and incubated on ice for 10 min. Following 

centrifugation (5 min, 1500 rpm) the supernatant was collected as the 

cytoplasmic fraction. The remaining pellet was washed twice with hypotonic 

buffer and then resuspended in hypertonic buffer (composed as the hypotonic 

with NaCl supplemented to final concentration of 0.5 M) and was incubated on 

ice for 30 min with agitation. Debris and nuclear remnants were removed with 

centrifugation (20 min, 13000 rpm) and the supernatant was collected as the 

nuclear fraction. Isolation of highly pure nucleoli was performed as previously 

described 344.   

Immunoblotting and antibodies 

Lysed cells were centrifuged for 20 min at 13000 rpm to remove debris and 

whole cell lysate (WCL) protein concentration was calculated using the 

Bradford assay. 10-50 μg protein aliquots were mixed with Laemmli buffer 
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(containing β-mercaptoethanol), loaded onto a 9-12% polyacrylamide gel and 

transferred to nitrocellulose membrane (GE Healthcare). After blocking with 

5% non-fat milk (Regilait) in TBS/Tween 0.1%, the membranes were 

incubated overnight at 4ºC with the following antibodies: α-TPL2 (M-20), α-

NPM (FC82291), α-myc (A-14), α-Sp1 (PEP-2), α-HA (Y-11), α-Lamin-B (C-

20), α-UBF (F-9), α-βtubulin (TU-02), α-ERK2 (C-14), α-PARP1 (H-250), α-

ERK 1,2 (H-72), α-NF-κB1 (C-19), α-IKKα (M-280), α-IκBα (C-21), α-NF-κB2 

(K-27), α-TRAF3 (C-20) and α-p65 (sc-373x) were purchased from Santa 

Cruz; α-βactin (clone C4) was purchased from Merck-Millipore, α-pERK 

(M8159) and α-GAPDH from Sigma-Aldrich; α-Ubiquitin FK2H (ENZO life 

sciences) was a kind gift from Dr. A. Malliri (Paterson Institute for Cancer 

Research, Manchester) and α-Lamin A (Cell signaling) was kindly provided by 

Professor C. Spilianakis (Biology School, University of Crete); α-MEK1/2 

pSer217/Ser221 (#9154), α-MEK1/2 (#9126) and α-pJNK (#4668) were 

purchased from Cell Signaling. Αnti-SUMO I and II were kindly provided by 

Professor R. Hay (MRC Dundee). Detection of NPM pThr199 was achieved 

with a cocktail of antibodies pursued by Cell Signaling (#3541) and Abcam 

(EP1857Y). Human α-p53 (DO-1, pAb1801) and α-HDM2 (4B2, 4B11, 2A9) 

hybridoma supernatants were kindly provided by Professor M. Oren 

(Weizmann Institute of Science, Israel). Anti-F480PE and α-CD11b-FITC (BD 

Biosciences) were a kind gift of Professor D. Boumpas (Medical School, 

University of Crete). Detection of GST-bound proteins was readily executed 

by SDS-PAGE gel staining with Ponceau S Solution (Sigma-Aldrich). 

Membranes were further incubated with HRP-labeled rabbit or mouse 

secondary antibodies (Sigma-Aldrich) for 1 hour at room temperature. 

Enhanced chemiluminescence (ECL, Perkin-Elmer) was employed for signal 

development and assessment on autoradiography films (Fuji Medical X-Ray 

film 100NIF Super RX) or in a Fujifilm Las-3000. Membrane re-blotting was 

performed with stripping. The membranes were incubated on a rotor at 50°C 

for 30 min in stripping Buffer [60 mM Tris-HCI pH 6.8, 0.7% β-

mercaptoethanol (v/v), 2% SDS (w/v)] and washed extensively under tap 

water for 30 min. The stripped membrane was blocked in 5% non-fat milk for 

1 hour at room temperature and re-incubated overnight with the desired 

primary antibody.  
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Immunoprecipitation and GST-pull down assays 

Co-Immunoprecipitation (co-IP assays) 

Cells were lysed in a buffer containing 0.5% Triton X-100, 150 mM NaCl, 50 

mM Tris pH 7.6, 1% EDTA, 1 mM Na3VO4 and protease inhibitor cocktail 

(Sigma-Aldrich) 48h post-transfection or immediately after cell stimulation 

(endogenous proteins). Equal protein amounts (0.5-1 mg) were mixed with the 

appropriate antibody (1 μg Ab/ 1 mg input) for 1 hour at room temperature or 

O/N at 4ºC by rotation. The complexes were then bound to 10-20 μl (bead 

bed volume), pre-cleared in lysis buffer, protein G sepharose beads (BD 

Biosciences) for 60 min at 4ºC (rotation). After excess washing in lysis buffer, 

bead-bound protein complexes were dissociated from the beads in Laemmli 

buffer (containing β-mercaptoethanol) and boiled for 10 min at 100ºC to 

ensure complex destruction. Samples were then loaded on polyacrylamide 

gels for SDS-PAGE analysis. For the detection of immunoprecipitated (IP) 

TPL2 a light chain specific secondary α-rabbit antibody was used to avoid 

heavy chain background (Jackson Laboratories). 

For Ubiquitin IP assays, 20 μM MG132 (ENZO life sciences) was added to the 

cell culture medium for 4-5 hours prior to cell lysis. Cells were then washed in 

1x PBS pH 7.4 supplemented with 10 μM MG132 and 10 mM NEM (Sigma-

Aldrich) and lysed in 1 ml/100mm dish RIPA buffer (150 mM NaCl, 1% NP-40, 

0.5% sodium deoxycolate, 0.1% SDS, 50 mM Tris pH 8.0, protease inhibitor 

cocktail) containing  MG132 and NEM. NPM was immunoprecipitated from 

900 μl of whole cell lysates O/N at 4oC and analyzed for ubiquitination status 

by probing with anti-Ub Ab (FK2H).  

In SUMOylation IP assays, cells were lysed in RIPA buffer supplemented with 

protease inhibitors (Sigma), Na3VO4 (1 mM) and iodoacetamide (25 mM), 

were briefly sonicated (20 sec, 50% amp) and 4mg of total protein was 

incubated with α-NPM overnight at 4°C. Detection of SUMOylated NPM was 

achieved with immunoblotting using α-SUMO I or II antibodies. 
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GST-pulldown assays 

BL21 cells were transformed with pGEX-2TK-GST-bound fusion proteins, 

grown to an optical density of 0.4-0.5 and induced with 0.01 mM isopropyl-β-

D-thiogalactopyranoside (IPTG, Sigma) for 3 hours at 37°C or O/N at 18oC, 

on a shaking rotor. Bacteria were lysed by pulse sonication (6 strokes of 20 

sec, 50% amp with 30 sec intervals) in 1x PBS pH 7.4 supplemented with 

protease inhibitor cocktail (Sigma-Aldrich) and 1 mM Na3VO4 followed by  

incubation for 30 min at 4oC (rotation) with the addition of 1% Triton-X-100 

and centrifugation at 10000 rpm for 10 min. Soluble GST-tagged proteins 

were purified via incubation for 3 hours at 4°C with Glutathione Sepharose 

beads GE Healthcare) and washed three times with 1x PBS pH 7.4. The 

resultant beads/GST-tagged proteins were mixed with 0.5 mg HEK 293T cell 

extracts carrying overexpressed various proteins as indicated in the 

corresponding figures. Following incubation for 3 hours at 4oC, the beads 

were washed four times in the corresponding lysis buffer, resuspended in 

Laemmli buffer and boiled for 10 min at 100oC. GST-bound protein complexes 

were resolved by 9% SDS-polyacrylamide gel electrophoresis prior to 

immunoblotting.  

Chromatin Immunoprecipitation (ChIP) assay 

The protocol was based in previous published data 345. Briefly, cells were 

plated at 80% confluence one day prior to treatment (5-10 100mm dishes 

used/condition). 24 hours later cells were treated according to the experiment 

specifications and at the end of the stimulation period they were washed twice 

in 1x PBS pH 7.4. Subsequently, they were treated with 1% formaldehyde for 

10 min at room temperature. Cross-linking was stopped by the addition of 

glycine to a final concentration of 0.125 M. The cells were washed with cold 

1x PBS pH 7.4 and swelled on ice for 10 min in a solution containing 25 mM 

HEPES pH 7.8, 1.5 mM MgCl2, 10 mM KCl, 0.1% NP-40, 1 mM dithiothreitol, 

and a protease inhibitor cocktail (Sigma-Aldrich). Following Dounce 

homogenization (20 strokes, pestle A), the nuclei were collected and 

resuspended in sonication buffer containing 50 mM HEPES pH 7.9, 140 mM 

NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS, 
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and protease inhibitors and sonicated (Vibra Cell) on ice to an average DNA 

fragmentation length of 200 to 1,000 bp (10-15 strokes of 30 sec, 50% amp, 2 

min intervals). The samples were centrifuged at 14000 rpm for 15 min at 4oC 

and precleared with protein G-Sepharose beads (BD Biosciences) in the 

presence of 2 μg sonicated λ DNA and 1 mg of bovine serum albumin/ml. 

Twenty-five A260 units of the precleared chromatin was immunoprecipitated 

with 1 μg α-IKKα antibody, and the immune complexes were collected by 

adsorption to protein G-Sepharose beads. The beads were washed twice with 

sonication buffer, twice with sonication buffer containing 500 mM NaCl, twice 

with 20 mM Tris pH 8.0, 1 mM EDTA, 250 mM LiCl, 0.5% NP-40 and 0.5% 

sodium deoxycholate, and twice with Tris-EDTA buffer. The 

immunocomplexes were eluted with 50 mM Tris pH 8.0, 1 mM EDTA, 1% 

SDS at 65°C for 10 min, adjusted to 200 mM NaCl, and incubated a 65°C for 

5 hours to reverse the cross-links. After successive treatments with 10 μg of 

RNAse A and 20 μg of proteinase K/ml, the samples were extracted with 

phenol chloroform and precipitated with ethanol. One tenth of the 

immunoprecipitated DNA and input DNA (from extracts corresponding to 

0.025 A260 units) was analyzed by PCR amplification (36 cycles of 94oC for 

45 sec, 60oC for 60 sec and 72oC for 60 sec) using primers from sequences 

surrounding the mouse IL-6 proximal promoter (For: 5’-TGTGTGTGTGTGT 

ATGTGTGTGTCG-3’, Rev: 5’-TCGTTCTTGGTGGGCTCCAG -3’) designed 

according to Anest et al., 2003 224 and the amplicons were checked with 

electrophoresis in a 2% agarose gel. 

In vitro kinase assay 

HEK 293T cells transfected with MT-ev or MT-TPL2 were lysed in kinase lysis 

buffer (KLB) [20 mM Tris pH 7.6, 0.5% Triton X-100, 250 mM NaCl, 3 mM 

EDTA, 3 mM EGTA, 1 mM Na3VO4, 0.5 mM sodium pyrophosphate, 25mM β-

glycerolphosphate, 1 mM DTT and protease inhibitor cocktail (Sigma-Aldrich)] 

and 0.5 mg protein lysate was used to immunoprecipitate TPL2 using 2 μg α-

TPL2 (M-20) Ab and G-sepharose beads. The beads were washed twice in 

kinase lysis buffer (KLB) and three times in kinase reaction buffer (KRB) 

containing 20 mM MOPS pH 7.2, 5 mM EGTA, 0.1 mM Na3VO4, 25 mM β-

glycerolphosphate, 1 mM DTT and protease inhibitor cocktail. The 

45 



supernatant was removed and the beads were resuspended in a mix of KRB 

(supplemented with 10 mM MgCl2 and 2 mM freshly made ATP) and 1-2 μg 

purified (with glutathione beads column) GST-NPM, GST-NPM (T199A) or 

kinase inactive GST-MEK1 (K207A) as substrate. In vitro kinase reaction was 

performed for 30 min at 30ºC with agitation. Beads were separated from the 

supernatant, resuspended in 2x Laemmli buffer and boiled for 5 min at 100oC. 

Supernatants were mixed with equal volumes of 2x Laemmli buffer and 

boiled. Phosphorylation was determined by western blotting of bead eluates 

and probing with α-pThr199 NPM or α-pSer217/Ser221 MEK1/2. Equal loading of 

GST-NPM and GST-MEK1 (K207A) protein was confirmed by blotting 

supernatants with α-NPM or α-MEK1/2 antibody.  

 

Cell Biology techniques 

Immunofluorescence 

Cells were washed twice with 1x PBS pH 7.4 and fixed in 4% PFA (w/v) for 30 

min at room temperature followed by permeabilization with 0,1% Triton X-100. 

Prior to staining, cells were incubated with 10% Horse Serum (Gibco) in 1x 

PBS pH 7.4 for minimum of 1 hour at room temperature. The incubation with 

the primary antibody (diluted 1:100 in 1x PBS pH 7.4) was carried out for 30 

min at room temperature followed by 30 min incubation with the secondary 

antibody in the dark. Subsequently, cells were washed twice with 1x PBS pH 

7.4 supplemented with 10% Horse Serum. Samples were mounted with 

AntiFade Reagent (Life Technologies) and analyzed on a Leica TCS Sp2 

Confocal microscope. Images were analyzed with ImageJ software 

(http://rsb.info.nih.gov/ij/). Alexa Fluor 594 (rabbit) and Alexa Fluor 488 

(mouse), purchased by Molecular Probes (Life Technologies), were used as 

secondary antibodies diluted 1:1000 in 1x PBS pH 7.4. DAPI (Molecular 

probes) was used for the detection of nuclei. 

MTT assays 

Cells were seeded in 96 well plates and 24 hours later they were stimulated 

with 20 J/m2 UVC for the indicated time periods. Following stimulation, the 
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medium was supplemented with MTT reagent (Sigma-Aldrich) for 2-4 hours 

and was subsequently replaced with 0,04N Hcl/Isopropanol.  Quantitation of 

MTT conversion was achieved with a BIORAD 680 Microplate Reader 

(BIORAD). Values were calculated at 550 nm with a reference reading at 655 

nm. 

Luciferase assays 

Cells were seeded in 12well plates and 24 hours later were transfected as 

previously described. For NF-κB activation cells were transfected with 60 ng 

of NF-κB1 and 100 ng Renilla reporter plasmids and various MT-TPL2:MT-

NPM plasmid DNA ratios (shown in the corresponding figure). For ERK 

activation cells were transfected with 500 ng pFR-luci, 25 ng pFA2-Elk1 and 

100 ng Renilla reporter plasmids and various MT-TPL2:MT-NPM plasmid 

DNA ratios. 36 hours later cells were lysed and processed according to the 

manufacturer’s instructions (Dual Luciferase Reporter Assay System, 

Promega) and luciferase activity was measured in a FB12 Luminometer 

(MBI). Values were normalized to firefly luciferase activity to ensure equal 

transfection efficiency. 

ELISA 

IL-6 secretion in the culture medium was measured with ELISA using the 

Affymetrix-E Bioscience mouse IL-6 kit.  96 well plates (Corning Costar 9018) 

were coated with 100 µL/well of capture antibody in 1x Coating Buffer, sealed 

and incubated overnight at 4°C. Wells were washed 3 times with 100 µL/well 

wash buffer (1x PBS pH 7.4, 0,1% Triton X-100) and incubated with 200 

µL/well of 1x ELISA/ELISPOT Diluent at room temperature for 1 hour for 

blocking. After 2-3 washes, 100 µL/well of each sample (or controls) were 

added in the wells and the plate was sealed and incubated for 2 hours at 

room temperature. The wells were further washed excessively and were 

subsequently incubated with 100 µL/well of detection antibody (mIL-6) diluted 

in 1x ELISA/ELISPOT Diluent for 60 min at room temperature. Wells were 

washed 3-5 times, treated with 100 µL/well 1x TMB Solution for 15 min at 

room temperature and the reaction was stopped with the addition of 50 µl 
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Stop Solution to each well. Reactions were read at 450 nm with a BIORAD 

680 Microplate Reader (BIORAD, CA, USA). 
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TPL2 interacts with NPM 

A proteomic screen using over-expressed TPL2 346 as bait (and unpublished 

data) identified NPM as a putative TPL2-interacting protein. NPM-TPL2 

association was validated by GST pull-down and immunoprecipitation assays. 

Bacterially produced GST-NPM fusion protein or GST empty vector (GST-ev), 

immobilized on glutathione sepharose beads were incubated with lysates from 

Human Embryonic Kidney (HEK) 293T cells transfected with pRK5-myc 

empty vector (MT-ev) or a MT-TPL2. As shown in Figure 1A, over-expressed 

MT-TPL2 but not MT-ev was found to interact with GST-NPM. Further control 

experiments showed that MT-TPL2 did not associate with GST-ev or GST-

IκBα (Fig. 1B). To determine whether the interaction of TPL2 with NPM also 

occurs in vivo, myc-tagged NPM (MT-NPM) and untagged TPL2 were co-

expressed in HEK 293T cells and the lysates were immunoprecipitated using 

anti-TPL2 antibody and immunoblotted with anti-NPM. The results showed 

that when overexpressed, MT-NPM and TPL2 co-precipitate (Fig. 1C). More 

interestingly, utilization of UVC as a genotoxic stress stimulus, known to affect 

NPM activity 160, led to enhanced NPM:TPL2 interaction shown by co-

immunoprecipitation assays performed in irradiated A549 cells (Fig. 1D). 

 

1A. 

 

 

 

Figure 1 continues overleaf 
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1B. 

 

1C. 

 

1D. 

 

 

Figure 1. A. TPL2 interacts with NPM in vitro and in vivo. A. GST-pull down of 

exogenously expressed MT-TPL2 in HEK-293T cells with purified GST-NPM 

expressed in vitro in BL-21 E.Coli cells. Ponceau staining was used for 

detection of GST-bound proteins. MT-ev: pRK5-myc tagged empty vector. B. 
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GST-ev (empty vector) or GST-IκBα do not interact with TPL2 in GST-pull 

down assay performed as in A. C. Co-immunoprecipitation (co-IP) of pcDNA3-

TPL2 or -ev with MT-NPM exogenously expressed in HEK-293T cells. D. 
A549 lung ca cells were irradiated with 20J/m2 UVC for the indicated time 

points. Co-IP between endogenous TPL2 and NPM shows enhanced 

interaction following UVC-induced genotoxic stress. 10% of input whole cell 

lysates (WCL) was used as a loading control in each case.  

TPL2 resides both in the cytoplasm and the nucleus. 

NPM predominantly resides in the nucleolus and translocates to the 

nucleoplasm upon cell exposure to DNA damaging agents 347.  In contrast, 

TPL2 has mostly been studied as a cytoplasmic kinase in the context of 

cytokine and Toll-like receptor signal transduction 348.  However, recent 

studies have indicated that TPL2 may also have nuclear functions 51.  The 

presence of TPL2 has been thus examined in cytoplasmic and nuclear 

fractions of HEK 293T cells transiently transfected with MT-TPL2. The results 

of the fractionation experiments showed that over-expressed TPL2 is present 

both in the cytoplasmic and nuclear extracts from these cells (Fig. 2A). This 

finding was furthermore supported in MEFs (Fig. 2B) transiently transfected 

with MT-TPL2 and subjected to immunofluorescence analysis. A possible 

explanation of the enhanced interaction between TPL2 and NPM following 

UVC irirradiation of A549 cells (Fig. 1D) would be the increased TPL2 nuclear 

localization under these conditions. To validate this hypothesis, TPL2 

localization was examined in A549 cells treated with UVC and subjected to 

cytoplasmic versus nuclear fractionation. As shown in Figure 2C, TPL2 is 

partially located in the nucleus of untreated cells and the nuclear fraction of 

TPL2 is increased following UVC irradiation. The subcellular localization of 

TPL2 was also assessed in immortalized fibroblasts from TPL2-/- mice stably 

reconstituted in vitro with near-physiological levels of HA-tagged TPL2 14. 

Cells were either exposed to UVC or left untreated and TPL2 localization was 

monitored by immunofluorescence using α-HA antibody. Staining with α-lamin 

Ab was used to mark the nuclear envelope. As shown in Figure 2D, TPL2 

predominantly localized in the cytoplasm and plasma membrane in untreated 
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cells but some punctuated staining was also observed in the nucleus. 

However, significant mobilization of HA-TPL2 to the nucleus was detected 

following UVC irradiation. This observation is in agreement with a previous 

study demonstrating nuclear localization of TPL2 following exposure of cells 

to UVB 51. A more universal impact of genotoxic stress on TPL2 nuclear 

relocalization was investigated with the use of the anti-cancer drug cis-platin 

on MCF7 breast epithelial carcinoma cells. Immunofluorescence analysis (Fig. 

2E) shows that cis-platin can recapitulate the effect of UVC on TPL2 

localization and supports a physiological role of TPL2 in the nucleus under 

genotoxic stress. 
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Figure 2. TPL2 subcellular localization. A. HEK 293T cells were transfected 

with MT-TPL2 and subsequently lysed in nuclear or cytoplasmic fractions. 

TPL2 is found in both the nucleus and the cytoplasm. Sp1 was used as a 
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nuclear marker. B. Immunofluorescence (IF) of endogenous (upper panel) or 

over-expressed (MT-TPL2, lower panel) TPL2 in MEFs. DAPI was used as 

nuclear marker. C. Endogenous TPL2 localizes both in the cytoplasm and in 

the nucleus of irradiated or not A549 cells. PARP: nuclear marker, β-tubulin: 

cytoplasmic marker. D. Immortalized fibroblasts from tpl2-/- mice stably 

reconstituted in vitro with near-physiological levels of HA-tagged TPL2 were 

irradiated with 20 J/m2 UVC for four hours. HA (TPL2) was detected with IF. 

Lamin A, a marker of the nuclear lamina, was used to define the nuclear 

perimeter. E. MCF7 breast ca cells were treated with cis-platin for eight hours. 

TPL2 localization was monitored with IF and DAPI was used as a nuclear 

marker. Analysis of the merged pictures was performed with Image J 

software. Green spots depict co-localization.  

 

TPL2 colocalizes and interacts with NPM mainly in the nucleus. 

Data presented thus far raise the question of whether TPL2 colocalizes with 

NPM and if so which is the sub-cellular compartment that supports this notion. 

To address this question we collaborated with Professor S. Volarevic (School 

of Medicine, University of Rijeka, Croatia) for further in depth cell fractionation 

assays. A549 cells treated or not with UVC for various time points were 

subjected to nucleolar, nucleoplasmic and cytoplasmic fractionation. As 

shown in Figure 3A, TPL2 was found both in the cytoplasm and the nucleoli of 

untreated cultures but it was absent in the nucleoplasm. Following UVC 

treatment, TPL2 levels decreased in both cytoplasm and nucleoli and 

increased in the nucleoplasm. At the same time NPM was found mainly in the 

nucleoli of untreated cells and irradiation led to the translocation of NPM from 

nucleoli to nucleoplasm, consistent with previous reports 177. The data support 

that the two proteins colocalize mainly in the nucleus while shifting between 

all three subcellular compartments depending on the ongoing stress. 

Immunofluorescence analysis of TPL2 and NPM in irradiated versus 

untreated A549 cells (Fig. 3C) corroborates the observed nuclear 

colocalization of the two proteins. 
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3A. 

 

3B. 

 

3C. 

               

Figure 3. TPL2 co-localizes with NPM and regulates NPM endo-nuclear 

translocation following genotoxic stress. A. Western blot analysis of NPM and 
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TPL2 in fractionated A549 cells irradiated with UVC or left untreated. The 

figure shows also NPM localization in TPL2-depleted (siTPL2) or not (siLuc) 

A549 prior to irradiation. B. TPL2 kinase activity was blocked with a small 

chemical compound (TPL2inh) and TPL2-NPM localization was detected as in 

A. UBF: nucleolar marker, β-tubulin: cytoplasmic marker, Lamin B: 

nucleoplasmic marker. DMSO vehicle was used as control to TPL2inh. Data 

shown in figures A & B were kindly provided by S. Bursac (School of 

Medicine, University of Rijeka, Croatia). C. IF of TPL2 and NPM in A549 cells 

irradiated or not with UVC for 8 hours. Merged pictures were analyzed with 

Image J software. Spliced lines indicate the nuclear periphery and green 

spots co-localization regions.  

 

These findings were followed by experiments aiming to ascertain whether the 

interaction between TPL2 and NPM actually occurs in the nucleus where 

colocalization was observed. Nuclear and cytoplasmic proteins were extracted 

from HEK 293T cells transiently transfected with MT-TPL2 (Fig. 4A) or a TPL2 

kinase-dead mutant (Fig. 4B) and incubated with GST-NPM immobilized on 

glutathione sepharose beads. NPM interactions were analyzed by immunoblot 

using α-TPL2 Ab. The results showed a profound association of GST-NPM 

with nuclear but not cytoplasmic TPL2 (Fig. 4A). In contrast, kinase-inactive 

TPL2 failed to interact with NPM irrespective of localization (Fig. 4B). Nuclear 

interaction of TPL2 with NPM was further demonstrated in co-

imnunoprecipitation assays of endogenous proteins in A549 lung cancer cells.  

NPM was found to co-precipitate with TPL2 in nuclear extracts from UVC-

treated cells whereas little association was observed in untreated cultures 

(Fig. 4C).  In contrast, no interaction between the two proteins was observed 

in cytoplasmic lysates.   

 

 

 

57 



4A. 

 

4B.  
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Figure 4. TPL2 binds NPM preferentially in the nucleus. A. GST-pull down of 

NPM with MT-TPL2 exogenously expressed in HEK 293T cells. The cells 

were separated in their cytoplasmic and nuclear sub-domains prior to the pull-

down assay. Ponceau staining was used for the visualization of the GST-

bound proteins. B. TPL2 kinase activity is essential for the interaction with 

NPM. Kinase inactive TPL2 (MT-TPL2-KD) does not bind NPM in GST pull 

down assays performed as in A. C. Nuclear-cytoplasmic fractionation of 

irradiated with UVC or not A549 cells followed by immunoprecipitation of 

endogenous TPL2 shows enhanced binding of NPM to TPL2 mainly in the 

nucleus. Sp1 serves as a nuclear marker and GAPDH as a cytoplasmic one.  

 

TPL2 modulates both the localization and protein levels of NPM 

following DNA damage 

NPM-TPL2 colocalization coupled to the fact that the two proteins interact with 

each other led to the examination of a possible functional relationship 

between them. To this end, NPM levels were analyzed by immunoblot in 

fractionated A549 cells depleted of TPL2 (siRNA) and treated with UVC. 

Interestingly, the RNAi-mediated reduction in TPL2 levels attenuated the 

translocation of NPM from the nucleoli to nucleoplasm (Fig. 3A). As 

purification and loading control in these experiments, lysates from each 

fraction were immunoblotted for tubulin, lamin B and UBF which are 

expressed in the cytoplasm, nucleoplasm and nucleoli respectively (Fig. 3A). 

Similar results were obtained when A549 cells were cultured in the presence 

of a small molecule TPL2 kinase inhibitor prior to exposure to UVC (Fig. 3B), 

suggesting that the catalytic activity of TPL2 contributes to the regulation of 

NPM re-localization. 
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NPM expression increases in response to DNA damage 175, hypoxia 349 and 

treatment with hormones 98 . In line with these reports, A549 cells exposed to 

UVC (Fig. 5A, B), cis-platin (Fig. 5C) or actinomycin D (Fig. 5D) displayed 

elevated NPM levels compared to untreated controls. Intriguingly, the knock-

down of TPL2 led to higher NPM levels in untreated cultures which did not 

increase further following treatment of the cells under the stimuli mentioned 

(Fig. 5A-D). This phenomenon is not particular to transformed cells as TPL2 

ablation (Fig. 5E) in immortalized fibroblasts (TPL2-/- mice) also displayed 

abnormal NPM kinetics following either UVC irradiation in a dose- (Fig. 5F) 

and time-dependent (Fig. 5G) manner or treatment with the anti-cancer agent 

cis-platin (Fig. 5H).  
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Figure 5. TPL2 is pivotal for normal NPM induction after genotoxic or 

ribosomal stress. A. Immonoblotting of NPM and TPL2 in irradiated A549 cells 

for various time points. TPL2 depletion in A549 cells (siTPL2) blocks NPM 

upregulation following either genotoxic stress induced by UVC (B) and cis-

platin (C) or ribosomal stress caused by ActD (D). Control siRNA was used 

against Luciferase. E. WT or TPL2 knock out (KO) immortalized MEFs were 

radiated as in A. Total TPL2 protein levels are shown with immunoblotting. 

Dose- (F) and time-dependent (G) effect of TPL2 absence on NPM 

accumulation following UVC irirradiation of immortalized MEFs. (H). TPL2 

ablation hinders NPM accumulation in cis-platin-treated MEFs. β-actin or Sp1 

were used as loading controls in all cases.  
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TPL2 regulates the phosphorylation of NPM at threonine 199. 

NPM is subject to various post-translational modifications which affect its 

localization and function, including phosphorylation 350. This fact coupled to 

the findings that TPL2 kinase activity affects NPM translocation from the 

nucleus to the nucleoplasm following UVC irradiation (Fig. 3B) and that kinase 

dead TPL2 does not associate with NPM (Fig. 4B) prompted us to investigate 

a possible kinase-substrate relationship between NPM and TPL2. Due to the 

structural and functional complexity of NPM 80 the need to focus on a specific 

NPM region, important for its interaction with TPL2, was requisite. To this end 

we constructed a number of GST-bound plasmid vectors carrying a serial of 

NPM deletions (ΔNPM) based on the most profound activities of the protein 

(Fig. 6A). The plasmid DNAs were subsequently expressed in BL21 E.Coli 

bacteria, purified by immobilization on Glutathione Sepharose beads and 

subjected to GST-pull down assays with TPL2 ectopically expressed in HEK 

293T cells. Efficient binding of ΔNPM 1-244 (aa) but not ΔNPM 1-120 or 

ΔNPM 1-188 to MT-TPL2, shown in Figure 6B, designates that the region 

between amino acids 188-244 is pivotal for NPM’s interaction with TPL2. 
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6B. 

            

Figure 6. NPM C terminus is essential for the interaction with TPL2. A. 

Schematic representation of serial deletions in NPM gene. The major domains 

of NPM are high-lightened depending on their activities. B. GST-pull down of 

MT-TPL2 over-expressed in HEK293T cells with GST-bound WT NPM or 

various NPM serial deletions. The numbers on the right side of NPM refer to 

amino acid sequences. Asterisks indicate the size of the various GST-bound 

proteins labeled here with ponceau stain.  

 

As TPL2 is a de novo Ser/Thr kinase and partial phosphorylation of NPM at 

Thr199 was shown to be required for its dissociation from nucleolar 

components 351, it was surmised that TPL2 may regulate NPM localization 

through phosphorylation. In line with this prediction, it was found that Thr199 

NPM phosphorylation is severely affected by the knock-down of TPL2 with 

siRNA in both untreated A549 cells and in cultures exposed to UVC (Fig. 7A). 

To determine if this effect requires the catalytic activity of TPL2, A549 cells 

were treated with a TPL2 kinase inhibitor (prior to UVC exposure) in 

concentrations which impair TNF-mediated ERK phosphorylation (Fig. 7C), in 

line with the established role of TPL2 in the TNFR1 - MAPK signaling axis 12. 
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The results showed that treatment with the TPL2 kinase inhibitor reduced 

basal Thr199 phosphorylation levels and accelerated their decline following 

exposure to UVC (Fig. 7B). The ability of over-expressed TPL2 to 

phosphorylate NPM directly at Thr199 was then examined in an in vitro kinase 

reaction using recombinant GST-NPM as substrate. MEK1 which directly 

interacts with and is phosphorylated by TPL2 at Ser217/221 4 was used as a 

positive control. Immunoprecipitated TPL2 from MT-TPL2 transfected HEK 

293T cells was found to phosphorylate both GST-MEK1 (Fig. 7E) and GST-

NPM in vitro whereas a Thr199→Ala mutated NPM fused to GST remained 

unresponsive (Fig. 7D). Collectively, these findings underscore an important 

role for TPL2 in the regulation of NPM phosphorylation at Thr199.  

 

7A.                                                              7B. 

 

 

 

 

7C. 

Figure 7 continues overleaf 
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7D.                                                            7E. 

 

Figure 7. TPL2 phosphorylates NPM directly at threonine 199. A. Knocking 

down TPL2 (siTPL2) or blocking its kinase activity (B) with a chemical inhibitor 

(TPL2inh) accelerates dephosphorylation of NPM at T199 both at steady state 

and after UVC irradiation of A549 ca cells. The expression levels ratio of 

pNPM T199/total NPM was calculated with Image J software and is shown as 

a graph of bars. C. TPL2 inhibitor efficiently blocks TPL2-mediated ERK 

phosphorylation in A549 ca cells treated with 20ng/ml TNFα for the indicated 

time points. D. HEK 293T cells were transfected with MT-ev- or MT-TPL2 and 

immunoprecipitated TPL2 was readily used for in vitro phosphorylation assay 

of bacterially expressed and purified (glutathione beads resin) GST-NPM or -

NPMT199A (substitution of threonine 199 to alanine). Phosphorylation was 

detected with a phospho-specific antibody. Equal loading of GST-NPM 

substrate and TPL2 expression was detected with immunoblotting. E. Efficient 

in vitro phosphorylation of kinase inactive MEK1 (K207A) by TPL2. MEK 

phosphorylation was detected with specific antibody.  

 

TPL2 regulates phosphorylation-mediated NPM ubiquitination. 

The next question to be addressed was how TPL2 affected NPM kinetics 

following genotoxic or ribosomal stress as evidenced in Figure 5. To test 

whether the observed data relate to differences in K48-linked ubiquitination, 

TPL2 was knocked-down by siRNA in A549 cells followed by UVC treatment 
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in the presence or absence of the proteasome inhibitor MG132. NPM was 

immunoprecipitated from whole cell lysates and ubiquitin-bound NPM was 

detected with α-Ubiquitin  (FK2H) Ab. UVC radiation led to reduction of NPM 

ubiquitination in control siRNA-transfected cells compared to untreated cells. 

Interestingly, TPL2 depletion significantly reduced NPM ubiquitination in 

untreated cultures which was marginally affected by UVC (Fig. 8A). To 

examine whether TPL2 may influence NPM ubiquitination via Thr199 

phosphorylation, HEK293 cells were co-transfected with TPL2, HA-tagged Ub 

expression vectors and either MT-NPM or a MT-NPM construct in which 

Thr199 has been mutated to Ala (T199A). Lysates were immunoprecipitated with 

anti-HA and immunoblotted using α-NPM Ab. The results (Fig. 8B) 

demonstrated robust ubiquitination of WT NPM by TPL2 whereas NPM 

(T199A) remained unaffected.  

In search of a possible NPM ubiquitination site affected by NPM 

phosphorylation, NPM lysine K299 was mutated to arginine (K299R), cloned 

into the pRK5-MT vector and used in ubiquitination assays. More specifically, 

Ubiquitin was immunoprecipitated from extracts of HEK 293T cell transfected 

with HA-Ub and a combination of WT or KD MT-TPL2 and WT, T199A or K229R 

MT-NPM plasmid DNA and Ub-bound NPM was detected with immunoblotting 

(Fig. 8C). Inactivation of TPL2 (kinase dead) or substitutions of NPM T199 to 

A and K229 to R abate NPM ubiquitination compared to the effect of the WT 

TPL2/WT NPM combination. Nevertheless, the presence of both NPM 

mutants (lane 9) rescues the phenotype of NPM ubiquitination showing that 

TPL2 may regulate NPM turn-over through an interplay between Lys299 

ubiquitination and phosphorylation at Thr199.  

The link between ubiquitination and Thr199 phosphorylation of NPM and the 

influence of TPL2 on these effects was further explored in A549 cells 

transfected with siRNAs targeting TPL2 or the unrelated Luciferase gene and 

exposed to UVC irradiation in the presence or absence of the proteasome 

inhibitor MG132. Following lysis of the cells, phosphorylation of NPM at Thr199 

and NPM total protein levels were detected by immunoblotting. Interestingly, 

inhibition of the proteasome activity led to significant increase in the levels of 
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phosphorylated NPM in both untreated cultures and cells exposed to UVC 

(Fig. 8D). The possibility that MG132 does not directly exert its effects on 

pNPM turn-over but leads to increased NPM phosphorylation through TPL2 

stabilization was subsequently explored. To this end, A549 cells were treated 

with MG132 prior to UVC irradiation and TPL2 levels were examined by 

western blot. As control, lysates from the same cultures were immunoblotted 

for p53. As shown in Figure 8E, MG132 showed no profound effect on TPL2 

expression levels whereas p53 was stabilized both in untreated and UVC-

treated cells. On the basis of the aforementioned findings it was concluded 

that TPL2 regulates threonine 199 phosphorylation of a fraction of NPM prone 

to ubiquitination and degradation. NPM stability is also affected by its 

SUMOylation status 96 and thus a possible role of TPL2 in this context was 

examined. NPM was immunoprecipitated with α-NPM Ab from lysates of A549 

cells treated with TPL2 or control Luciferase siRNA followed by UVC 

irradiation and SUMO-conjugated NPM was immunodetected with α-SUMO I, 

II antibodies (Fig. 8F). Depletion of TPL2 did not alter NPM SUMOylation 

status neither in UVC treated nor in unstimulated cells and TPL2 was thus 

excluded from such a hypothesis. 
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Figure 8. TPL2 regulates phosphorylation-mediated NPM ubiquitination and 

pT199NPM turnover. A. TPL2 depletion (siTPL2) suppresses MG132-induced 

NPM ubiquitination. In vivo ubiquitination assay of immunoprecipitated 

endogenous NPM in A549 cells treated with UVC +/- siTPL2 +/- proteasome 

inhibitor MG132. B. NPM T199A mutation blocks TPL2-mediated NPM 

ubiquitination. HEK293T cells were transfected with the indicated plasmid 

DNA combinations. Ub-bound NPM was immunodetected following 

immunoprecipitation of HA-Ub. C. NPM K229R mutation rescues the effect of 

NPM T199A on TPL2-mediated NPM ubiquitination. HA-Ub was 

immunoprecipitated from HEK293T cells transfected with the indicated 

plasmid DNA combinations and Ub-bound NPM was detected with western 

blotting. D. MG132 rescues the effect of TPL2 knock down on pT199NPM both 

in unstimulated and UVC-treated A549 ca cells. The expression levels ratio of 

pT199NPM/total NPM was calculated with Image J software and is shown as a 

graph of bars. E. MG132 does not rescue TPL2 protein levels following UVC 

irradiation. P53 was used here as a positive control for the activity of the 

proteasome inhibitor MG132. F. TPL2 downregulation with siRNA does not 

affect NPM SUMOylation after UVC-induced genotoxic stress.  

TPL2 regulates p53 accumulation in response to DNA damage and 
ribosomal stress by modulating the interaction of NPM with HDM2. 

Following UVC-induced DNA damage, the release of NPM from the nucleolus 

to the nucleoplasm contributes to increased p53 stability by counteracting p53 

binding to HDM2 160. In line with the reported findings, p53 failed to 

accumulate after cis-platin (Fig. 9A) or UVC (Fig. 9B) treatment of A549 cells 

depleted of NPM by RNAi. Given the fact that TPL2 affects both the 

localization and expression levels of NPM following DNA damage-induced 

stress (Fig. 3 & Fig. 5) it was assumed that TPL2 might also regulate p53 

accumulation under these circumstances. To support this hypothesis, A549 

cells depleted of TPL2 by RNAi were subjected to genotoxic stress induced by 

cis-platin and UVC or ribosomal stress evoked by low concentrations of 

actinomycin D 344. Respectively to the effect of NPM knock down in A549 cells 

(Fig. 9A & 9B), p53 induction was attenuated by the knock-down of TPL2 in 

70 



response to these agents (Fig. 9C – 9E). This observation was not restricted 

to tumor cells as immortalized fibroblasts from TPL2-/- mice also responded to 

UVC with reduced accumulation of p53 compared to TPL2+/+ cells (Fig. 9G).  

The effect of TPL2 on p53 at least partially relates to TPL2 kinase activity 

since pre-treatment of A549 cells with TPL2 kinase inhibitor mimicked the 

effects of TPL2 knock-down and attenuated the p53 response to UVC (Fig. 

9F). 

9A.                                                      9B. 

 

9E.                                                       9F.      

     

9C.                                                        9D. 

Figure 9 continues overleaf 
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Figure 9. TPL2 regulates p53 levels following genotoxic or ribosomal stress. 

NPM downregulation (siNPM) hinders p53 accumulation after genotoxic 

stress of A549 cells induced either by cis-platin (A) or UVC radiation (B). 
TPL2 ablation (siRNA) blocks p53 induction in A549 cells following genotoxic 

stress caused by cis-platin (C) or UVC radiation (D) or ribosomal stress 

caused by ActD (E). F. P53 response to UVC radiation is ameliorated in A549 

cells treated with a chemical inhibitor of TPL2 (TPL2inh). DMSO vehicle was 

used as control. G. TPl2 Knock-out (KO) MEFs show reduced p53 

accumulation compared to their WT counterparts following UVC treatment. β-

actin, Lamin-B and ERK2 were used as loading controls.  

 

In quest of a possible mechanism underlying the observed p53 phenotype in 

siTPL2 treated cells, HDM2 was immunoprecipitated from A549 cells depleted 

of TPL2 with siRNA prior to UVC irradiation and HDM2-bound NPM was 

detected by western blot. As demonstrated in Figure 10A, exposure to UVC 

led to reduction in total HDM2 levels but increased interaction of HDM2 with 

NPM, in agreement with a previous report 160. However, less NPM co-

precipitated with HDM2 following TPL2 knock-down. More interestingly, UVC 

enhanced TPL2 co-immunoprecipitation with NPM and HDM2 simultaneously 

(Fig. 10B), supporting a docking role of TPL2 in a multi-protein complex 

necessary for the proper binding of HDM2 with NPM. Based on these data, it 

was presumed that TPL2 silencing can swift the binding capacity of free 

HDM2 from NPM towards p53, leading to higher HDM2-mediated p53 

ubiquitination and proteasomal degradation. In line with this prediction, 

treatment with MG132 restored p53 levels in TPL2-depleted cells exposed to 

UVC (Fig. 10C). The impact of TPL2-mediated p53 accumulation was further 

investigated on the basis of cell survival. MMT analysis performed on UVC 

9G. 
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irradiated A549 cells treated with TPL2 or Luciferase control siRNA (Fig. 10D) 

shows that whereas UVC normally induces cell death probably through p53-

regulated DNA damage mechanisms, the absence of TPL2 rescues partially 

the phenotype rendering the cells less susceptible to death. Even more 

interestingly A549 cells transfected with TPL2 siRNA show reduced apoptosis 

following UVC treatment shown either through caspase 8 (Fig. 10E) or PARP 

(Fig. 10F) cleavage. Conclusively, it could be speculated that TPL2 is pivotal 

for normal p53-mediated DNA damage responses that detect cell fate through 

senescence induction or apoptosis.  

10A. 

 

10B. 

 

10C. 

                              

Figure 10 continues overleaf 
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10D. 

 

10E. 
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10F. 

                       

Figure 10. TPL2 regulates the HDM2-NPM-p53 interplay and affects cell 

survival upon DNA stress. A. TPL2 ablation (siTPL2) reduces HDM2-NPM 

binding after UVC irradiation of A549 cells. B. UVC irradiation of A549 cells 

enhances the interaction between TPL2, NPM and HDM2. C. Proteasome 

inhibitor MG132 rescues the effect of siTPL2 on p53 accumulation following 

UVC irradiation of A549 cells. D. Downregulation of TPL2 with siRNA 

enhances the survival threshold of UVC-treated A549 cells. Statistical 

analysis was performed with unpaired t-test (*** p<0.001). The figure shows 

the median of three experiments +/- st.dev. E, F. Reduced expression of TPL2 

rescues partially the apoptotic effect of UVC on A549 ca cells evidenced here 

by reduced caspase 8 (E) or PARP cleavage (F). Apoptosis was monitored 

with the Green FLICA™ Caspase 8 Assay Kit (Immunochemistry 

Technologies, MN, USA) according to the manufacturer’s guidelines. Images 

were collected with a Leica DM1000 fluorescence microscopy and processed 

with Image J. 100 cells from three different regions were counted and 

presented in the graph are the average values (+/- standard deviation) of cells 

(%) positive for green staining. Unpaired t-test was used for statistical 

analysis. *: p< 0.05. 

 

NPM blocks the transcription of exogenously expressed TPL2. 

Following the data presented thus far it was speculated that constant high 

levels of NPM observed in various human cancer types 80 could be correlated 

to reduced TPL2 protein levels and activity. To validate this hypothesis, HEK 
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293T cells were transfected with a combination of MT-TPL2 and increasing 

concentration of MT-NPM plasmid DNA and total NPM and TPL2 protein 

levels were detected by immunoblotting. Figure 11A shows a dose-dependent 

net effect of NPM over-expression on protein levels of exogenously expressed 

TPL2.  

The observed effect was not solely exerted on TPL2 but was further conveyed 

to its collateral signaling effector molecules ERK and NF-κB11. NPM over-

expression ameliorated activation of both proteins, shown either by 

immunoblotting of pERK (Fig. 11A) or luciferase assays performed with an 

ERK (Fig. 11B) or an NF-κB1 responsive element (Fig. 11C). The effect of 

NPM on TPL2 is accomplished (post-) transcriptionally since exogenously 

expressed NPM had no effect on endogenous TPL2 protein levels detected 

here by western blot (Fig. 11D). In line with this, NPM over-expression led to 

reduced TPL2 mRNA levels only in total RNA samples from HEK 293T cells 

carrying ectopically expressed TPL2 as demonstrated in Figure 11E by qRT-

PCR. 

 

11A.               

 

 

 

 
Figure 11 continues overleaf 
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11B. 

 

11C. 

    

 

11D. 
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11E. 

 

Figure 11. NPM regulates TPL2 transcriptionally. A. NPM overexpression 

reduces TPL2 levels and TPL2-mediated ERK phosphorylation. HEK293T 

cells were transfected with the indicated plasmid DNA combinations and total 

protein levels of TPL2, NPM, pERK and ERK (loading control) were detected 

with western blot. B. Overexpression of the proteins indicated in the legend 

was followed by luciferase assays that show an effect of NPM on TPL2-

associated ERK activation. C. Exogenously expressed NPM blocks TPL2-

mediated NF-κB1 activation shown here by utilization of an NF-κB activation 

luciferase reporter. D. Overexpressed NPM does not affect endogenous TPL2 

levels. E. The effect of induced NPM expression on TPL2 levels is concluded 

in the transcriptional level. qRT-PCR of TPL2 mRNA levels (median of three 

experiments +/- st.dev.) in HEK293T cells transfected with the indicated DNA 

plasmid combinations.     

 

To investigate the role of NPM on TPL2 regulation under more cancer-related 

conditions we utilized a plasmid vector bearing the lymphoma-associated 

fusion product of NPM with ALK 352. Immunoblotting of TPL2 in lysates from 

HEK 293T cells transfected with MT-TPL2 in combination with MT-NPM or 

MT-NPM-ALK (Fig. 12A) showed that over-expression of NPM-ALK led to a 

more profound reduction of MT-TPL2 levels compared to NPM alone. Even 

more surprisingly ectopic expression of NPM-ALK reduces the levels of 

endogenous TPL2 as well, undermining a more complicated mechanism of 
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TPL2 regulation from the fusion NPM-ALK protein compared to sole NPM. 

Blocking TPL2 kinase activity with a chemical inhibitor or a plasmid vector 

containing kinase dead TPL2 did not affect NPM-ALK-mediated constitutive 

ERK phosphorylation, a hallmark of NPM-ALK-driven cancer pathophysiology 
353 as detected by immunoblotting of pERK (Fig. 12B). Combined the data 

presented here support loss of TPL2 and TPL2-mediated signaling in NPM-

ALK positive cells. 

12A. 

 

12B. 

 

Figure 12. ALCL-related fusion mutant NPM-ALK regulates ERK 

phosphorylation irrespectively of TPL2. A. NPM-ALK overexpression causes 

reduction of both exogenously expressed and endogenous TPL2. B. MEK1 

(PD) but not TPL2 inhibition (MT-TPL2-KD, TPL2inh) blocks NPM-ALK-

mediated constitutive ERK phosphorylation.    
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TNF promotes TPL2-IKKα interaction and nuclear colocalization. 

Interaction of TPL2 with IKKα was initially shown by co-immnunoprecipitation 

assays in Jurkat T cells stably expressing MT-TPL2 11. In an attempt to 

validate this interaction under a more physiological-relevant context, 

immortalized MEFs were treated with TNF, known to affect both IKKα and 

TPL2-mediated signaling in inflammatory responses 1,188. Immunoprecipitation 

of IKKα followed by western blotting of IKKα-bound TPL2 (Fig. 13A) 

pinpointed the capacity of the two proteins to interact both in unstimulated and 

TNF-treated cells.  

To examine the sub-cellular localization of the two proteins, MEFs (Fig. 13B) 

or HeLa cells (Fig. 13C) treated or not with TNF were subjected to nuclear 

versus cytoplasmic fractionation and both TPL2 and IKKα were detected by 

immunoblotting in both fractions. In line with previous published data 224, TNF 

treatment of both cell types caused IKKα nuclear translocation. Surprisingly, 

TPL2 followed similar kinetics implicating that the interaction of the two 

proteins may take place either in the cytoplasmic or the nuclear compartment. 

To further evaluate the competence of TPL2 to enter the nucleus we 

performed immunofluorescence assays either in TNF-treated TPL2 knock out 

MEFs reconstituted with HA-TPL2 (Fig. 13D) or in HeLa cells (Fig. 13E). 

Whereas TPL2 showed a profound cytoplasmic localization in unstimulated 

cultures, it would partially translocate to the nucleus (DAPI) following TNF 

treatment in a short time frame.  

13A. 

                     

 
Figure 13 continues overleaf 
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13C. 

                        

 

13D. 
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13E. 

 

Figure 13. TNF promotes TPL2-IKKα interaction and nuclear co-localization. 

A. TPL2 and IKKα interact in vivo. IKKα was immunoprecipitated from WT 

MEFs treated or not with TNF for the indicated time point and the IKKα-bound 

TPL2 was detected with Western blotting. B, C. TPL2 colocalizes with IΚΚα 

both in the cytoplasm and in the nucleus. Immunodetection of TPL2, IKKα and 

Sp1 (nuclear marker) in WT MEFs (B) or HeLa (C) cervical cancer cells, 

treated with TNF and fractionated in cytoplasmic/nuclear compartments. 

Asterisk indicates non-specific band. D, E. TNF promotes TPL2 translocation 

from the cytoplasm to the nucleus. Immunofluoresence (IF) of TPL2 in TPL2 

KO MEFs reconstituted with HA-TPL2 expressed in physiological levels (D) or 

in HeLa cells (E) treated or not with TNF. 

 

TPL2 regulates TNF-induced IL-6 production through IKKα 

TNF is known to induce the transcriptional activity of IKKα on IL-6 promoter 224 

but no evidence exists up to date that support an implication of TPL2 in this 

pathway. To address this point we firstly searched whether TPL2 affects IKKα 

nuclear translocation following TNF stimulation. IKKα localization was 

detected by immunoblotting in cytoplasmic versus nuclear extracts of WT or 

TPL2 knock out MEFs treated with TNF. Figure 14A shows that a small 

fraction of IKKα resides in the nucleus of unstimulated WT MEFs and is 

slightly enhanced following TNF treatment. TPL2 ablation however, abolishes 

IKKα nuclear residence not only in TNF stimulated cells but also in untreated 
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cultures. In line with this, chromatin immunoprecipitation analysis of IL-6 

promoter in WT versus TPL2 knock out MEFs treated with TNF revealed a 

disability of IKKα to bind the promoter of IL-6 in the absence of TPL2 (Fig. 

14B). The overall impact of TPL2 on IL-6 production is further demonstrated in 

Figure 14C. WT or TPL2 knock out MEFs were treated with TNF and the 

secreted IL-6 was measured with ELISA. TPL2 ablation causes a dramatic 

reduction on IL-6 in accordance with previously shown data 354. The same 

effect is evidenced when TPL2 kinase activity is blocked with a chemical 

inhibitor. 

 

14A. 

 

 

14B. 
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14C. 

 

Figure 14. TPL2 regulates TNF-induced and IKKα-mediated IL-6 production. 

A. TPl2 is essential for IKKα nuclear translocation following TNF stimulation. 

WT- or TPL2 KO MEFs treated with TNF were fractionated in cytoplasmic and 

nuclear compartments. IKKα and GAPDH (cytoplasmic marker) were detected 

by immunoblotting. B. TPL2 promotes IKKα binding on IL-6 promoter. Ch-IP 

assay of IKKα on IL-6 promoter in WT- or TPL2 KO MEFs treated or not with 

TNF for the indicated time course. C. TPL2 ablation diminishes the production 

of secretable IL-6. WT- or TPL2 KO MEFs were treated with TNF and the 

production of IL-6 was calculated with ELISA in the supernatant. TPL2inh 

used in parallel in WT MEFs, shows that TPL2 kinase activity is prerequisite 

for its effect on IL-6 production. Shown here is the median of three 

experiments +/- st.dev. 

 

TPL2 is not essential for activation of the alternative NF-κB pathway 

In quest of a functional relationship between TPL2 and IKKα, we primarily 

asked whether TPL2 participates in the activation of the alternative NF-κB 

pathway, known to be regulated by IKKα 214. To this end, HEK 293T cells 

were transfected with plasmid DNA carrying MT-TPL2 in combination or not 

with MT-NF-κB2 and the processing of NF-κB2 was detected by 
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immunoblotting (Fig. 15A). TPL2 over-expression led to a slight enhanced 

processing of ectopically expressed NF-κB2 but showed no profound effect in 

the endogenous p100 to p52 processing. Under the same conditions HA-NIK 

showed robust NF-κB2 activation in line with previous reported data 355. 

Implication of TPL2 in the alternative NF-κB pathway was further quested in a 

more physiological relevant context. Primary B cells were extracted from WT 

or TPL2 knock out mice and stimulated with CD40L, one of the most effective 

inducers of the alternative NF-κB pathway 355. TPL2 ablation did not alter NF-

κB2 processing showed in Figure 15B by immunoblotting. 

The incompetence of TPL2 to activate the alternative NF-κB pathway was 

also evidenced in primary bone marrow derived macrophages (BMDM) 

extracted from WT or TPL2 knock out mice. As expected, treatment of the 

cells with CD40L for various time points led to TRAF3 degradation (Fig. 15C) 

a hallmark of the alternative NF-κB pathway activation. The absence of TPL2, 

however failed to affect TRAF3 kinetics. 

 

15A. 
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15B.  

 

15C. 

              

 

Figure 15. TPL2 is not implicated in the activation of the alternative NF-κB 

pathway. A. Overexpressed TPL2 does not affect basal NF-κB2 processing. 

HEK293T cells were transfected with the indicated plasmid DNA mixture and 

NF-kΒ2 processing was detected with western blot. HA-NIK was used as a 

positive control. B. Activation of the alternative NF-κB pathway shows no 

significant difference in WT- or TPL2 KO primary B cells stimulated with 

CD40L for the indicated time points. C, D. CD40L does not promote TPL2-

mediated activation of the alternative NF-κB pathway shown here through 

TRAF3 degradation in WT versus TPL2 KO primary BMDMs stimulated for 

the indicated time points. 
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TPL2 and IKKα synergize in MAPK but not NF-κB activation downstream 
of TNF. 

Being unable to implicate TPL2 in the activation of the alternative NF-κB 

pathway, we then asked whether IKKα could affect signaling cascades 

orchestrated by TPL2. To this end, immortalized WT or IKKα MEFs were 

treated with TNF in the presence or absence of a TPL2 kinase chemical 

inhibitor for various time points (Fig. 16A). Activation of the ERK and JNK 

MAP kinases as well as canonical and non-canonical NF-κB pathway 

processing, detected with immunoblotting, showed that simultaneous ablation 

of IKKα and TPL2 kinase activity ameliorated ERK and JNK phosphorylation 

following TNF treatment of MEFs. On the contrary, IKKα had no impact on 

NF-κΒ activation irrespective of TPL2 ability to act as a kinase. More 

specifically, IKKα ablation did not affect either IκBα degradation, serving here 

as an activation marker for the canonical pathway, or NF-κB2 processing. The 

inability of IKKα to promote the activation of the canonical NF-κB pathway was 

further demonstrated with p65 nuclear translocation by immunofluorescence 

in WT versus IKKα knock out MEFs treated with TNF or left unstimulated (Fig. 

16B). Proper use of TNF in these experiments was ensured by western blot 

analysis of ERK phosphorylation and IκBα degradation (Fig. 16C)  in WT or 

TPL2 knock out MEFs treated with TNF as previously described 354. 

16A. 

 
Figure 16 continues overleaf 
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16B. 

 

16C. 

 

Figure 16. TPL2-IKKα functional interaction in the activation of MAPK and 

NF-κB pathways. A. Western blot analysis of various MAPK and NF-κΒ 

pathway mediators in WT- or IKKα KO MEFs treated or not with TNF +/- 

TPL2inh for the indicated time points. B. Immunofluoresence showing nuclear 

translocation of cytoplasmic p65 in WT versus IKKα MEFs stimulated or not 

with TNF for 30 min. C. Immunoblotting of pERK and IκBα degradation 

following TNF stimulation of WT or TPL2 KO immortalized MEFs. 

 

TPL2 modulates the expression of microRNAs mmu-let-7a, mmu-let-7i 
and mmu-miR-223 downstream of TNF.  

Having shown that TPL2 is able to regulate both DNA damage and 

inflammatory responses, it was surmised that it could orchestrate the cross-

talk of the related signaling pathways. To address this issue, primary bone 
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marrow cells (converted to BMDMs in the presence of GM-CSF) were 

extracted from WT or TPL2 knock out mice and cultured as monolayers until 

reaching 80% confluency. Following treatment with TNF for various time 

points, the cells were lysed and the RNA was extracted and used as raw 

material for a microRNA (miRNA) microarray analysis performed in the 

laboratory of Dr. D. Iliopoulos (Harvard Medical School). Differential 

expression of miRNAs affected either solely by TNF (Fig. 17A) or by the 

combination of TNF and TPL2 ablation (Fig. 17B) supported a significant 

diversity of miRNAs implicated in TNF-mediated inflammatory signaling 

pathways. Proper maturation of bone marrow cells towards the macrophage 

lineage (BMDMs) was detected by FACS analysis of CD11b/F480 double 

positive cells (Fig. 17C). 

17A.                                                  17B. 
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17C. 

 

Figure 17. TNF and TPL2 regulate synergistically the expression of various 

miRNAs. A, B. MiRNA microarray expression profile analysis in RNA samples 

from primary BMDMs treated or not with TNF for the indicated time points (A) 

or in WT- versus TPL2 KO BMDMs treated with TNF (B) for the time course 

depicted. RNA was extracted from cells collected and pooled from at least 3 

mice (of matched age and sex) per condition. Green colour density in (A) 

represents suppression, while red shows expression enhancement. In (B) red 

colour density is proportionate to the difference in expression values detected 

in WT versus KO cells. C. Differentiation of bone marrow cells to 

macrophages was calculated as the percentage of CD11b/F480 double 

positive cells detected with FACS (representative figure). 

 

Following thorough interpretation of the microarray data, it was decided to 

focus on miRNAs targeting IL-6 as this cytokine was already shown to be 

regulated by TPL2 (Fig. 16). The pool of miRNAs showing a differential 

expression pattern after TNF stimulation of WT or TPL2 knock out BMDMs 

(Fig. 17B) was filtered in silico based on the miRanda algorithm 

(http://www.microrna.org/microrna/home.do). Three miRNAs were found (Fig. 

18A) to bind efficiently the 3’ UTR of IL-6 mRNA and their expression was 

further validated with qRT-PCR (Fig. 18B-D). In all cases TNF caused a 
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gradual reduction in miRNA expression levels which was either accelerated 

(mmu-let-7a, mmu-let-7i) or even changed to increase (mmu-miR-223) in the 

absence of TPL2.  

18A. 

 

18B. 

 

18C. 
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Figure 18. TPL2 is essential for the proper induction of various IL-6-related 

miRNAs following TNF treatment. A. In silico prediction of miRNAs targeting 

IL-6 mRNA using the miRanda database (http://www.microrna.org /microRNA/ 

home.do). qRT-PCR analysis of miRNAs let-7a (B), Let-7i (C) and mmu-mir-

223 (D) in total RNA of WT versus TPL2 knock out BMDMs treated with TNF 

for the indicated time points. 

 

The impact of miRNA activity on IL-6 production was thence investigated in a 

two-fold manner. RNA was extracted from WT or TPL2 knock out BMDMs 

treated with TNF or left unstimulated and the IL-6 mRNA levels were 

measured with qRT-PCR. Following TNF treatment of WT TPL2 BMDMs, IL-6 

mRNA levels oscillate through an immediate increase one hour post-

treatment followed by a gradual decrease. However, this effect of TNF on IL-6 

mRNA was ameliorated in the absence of TPL2 (Fig. 19A). Furthermore, 

ELISA-based detection of secreted IL-6 in the cell medium of WT versus 

TPL2 knock out BMDMs treated or not with TNF showed a robust 

upregulation of IL-6 levels upon TNF treatment in WT TPL2 BMDMs which 

was blocked in the absence of TPL2 or when its kinase activity was 

ameliorated with a chemical inhibitor (Fig. 19B) in line with previously shown 

data on MEFs (Fig. 16C). 
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19B. 

 

 

Figure 19. TPL2 regulates the physiological levels of IL-6. A. qRT-PCR 

analysis of IL-6 mRNA levels in WT versus TPL2 KO BMDMs treated or not 

with TNF for the time course indicated. B. IL-6 secretion measured with 

ELISA in WT or TPL2 KO BMDMs treated or not with TNF. Blocking the 

kinase activity of TPL2 with a chemical inhibitor (TPL2inh) resumes the effect 

of TPL2 ablation on IL-6 secretion.   
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NPM-TPL2 

Nucleophosmin (NPM, B23) is a multitasking nucleolar phosphoprotein, vital 

for cell survival as evidenced from the fact that npm-/- mice die in utero and 

show high susceptibility in developmental defects linked to p53-associated 

tumorigenesis 78. As such, its tight regulation is of paramount importance for 

cell physiology supported by the fact that loss of proper NPM function 

associated with point mutations or fusion-protein chimeras directly relate to a 

wide range of blood or solid cancers 80. Appealing data underlie a cascade of 

serial NPM phosphorylation events during the cell cycle that altogether secure 

a proper cell division 80. Little is known however, of MAP kinases being 

directly involved in NPM post-translational regulation. The present thesis 

presents novel data regarding NPM interaction with the MAP3 kinase 

TPL2/Cot. Originally identified as a proto-oncogene, TPL2 was mainly 

associated with inflammatory and immune responses 20,36. During the last 

years however, accumulative data connected TPL2 to cancer either as pro- or 

anti-tumorigenic molecule 56,70. A recent publication from our lab pinpointed 

the protective role TPL2 plays in the establishment of lung cancer in human 

specimens and a chemically-induced lung cancer mouse model 71. A possible 

molecular mechanism underlying this effect of TPL2 is presented herein in an 

effort to resolve TPL2 role in tumor biology.  

In agreement with unpublished data rising from a high-throughput proteomics 

MS/MS analysis described elsewhere 346, ectopically expressed TPL2 in HEK 

293T cells was found to interact in vitro (GST pull down assays) and in vivo 

(co-immunoprecipitation assays) with NPM (Fig. 1). The observed interaction 

could not be attributed to aberrant TPL2 levels achieved through transfection 

of the cells, since endogenous proteins could also interact sufficiently and 

their association was enhanced upon UVC irradiation, a stimulus known to 

cause a p53-dependent DNA damage response regulated by NPM 161.  

Being able to bind NPM in vivo, TPL2 was suspected to regulate the function 

of its partner. The pleiotropic character of NPM activities is close related to its 

sub-cellular localization and thus it comes as no surprise that it bears NoLS, 

NLS and NES signal peptides rendering the protein capable of constantly 
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translocating between subnuclear compartments and the cytoplasm 83. 

Surprisingly enough, we show that a portion of TPL2 localizes in the nucleus 

as well, either at steady state, when the protein is ectopically expressed or  

under genotoxic stress initiated by UVC radiation or treatment with the anti-

cancer agent cis-platin (Fig. 2, 3). This finding is in line with an article 

supporting TPL2 nuclear translocation under UVB irradiation 51, but since 

TPL2 lacks a “canonical” nuclear localization signal it was speculated that it’s 

nuclear translocation could be supported by a chaperone, reminiscent of the 

cytoplasmic kinases Raf-1 and Akt2,  which have also been described to 

partly localize to the nucleus and confer nuclear functions 96,356. 

Even though both TPL2 and NPM could be found in the nucleus, the specific 

sub-cellular compartment where their association takes places was still under 

question. This issue was addressed with immunofluorescence experiments 

supporting NPM-TPL2 nuclear co-localization following UVC radiation, while 

in depth analysis of fractionated cells under the same conditions (Fig. 3) high-

lightened the nucleoplasm as the sub-nuclear domain where both proteins 

concentrate following genotoxic stress. These observations led to the 

conclusion that UVC irradiation primes TPL2 translocation to the nucleoplasm, 

where it could bind the portion of NPM leaving simultaneously the nucleoli 

towards the nucleoplasm in line with previous reported data 177. As proof of 

evidence, TPL2 could preferentially bind to NPM inside the nucleus rather in 

the cytoplasm, evidenced by GST pull-down and co-IP assays in fractionated 

cells (Fig. 4) and this interaction was enhanced following UVC radiation. 

In order to set the NPM-TPL2 interaction under a functional perspective, TPL2 

was either silenced with RNAi (A549 cells) or ablated (MEFs) and focus was 

driven towards two major hallmarks of NPM response to genotoxic or 

ribosomal stress. TPL2 amelioration was shown to affect both NPM 

nucleoplasmic translocation (Fig. 3) and upregulation (Fig. 5) normally 

evidenced under these circumstances 161,177. The dual effect of TPL2 on NPM 

was shown under various stimuli (UVC, cis-platin, ActD) and in more than one 

cell lines excluding thus the possibility of random observed data and 

underlining a robust, universal role of TPL2 in NPM physiology. 
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NPM is subject to various post-translational modifications that define its sub-

cellular localization and stability. NPM phosphorylation by CDK/cyclin 

complexes orchestrate its proper binding to the centrosomes and subsequent 

formation of the mitotic spindle 146. Being a bona-fide kinase, TPL2 was 

suspected to phosphorylate NPM supported by the fact that kinase dead 

TPL2 was incompetent to bind NPM neither in the cytoplasm nor in the 

nucleus (Fig. 4). In line with this, utilization of a TPL2 chemical kinase inhibitor 

recapitulated the effect of TPL2 silencing on NPM nucleoplasmic translocation 

following UVC radiation (Fig. 3). The precise residue of NPM however, 

affected by TPL2 was unknown. To address this, NPM was subjected to serial 

truncation events and used in GST-pull down assays with TPL2 (Fig. 6). The 

data high-lightened the NPM region between aa 188-244 as pivotal for the 

interaction with TPL2. Even though there are numerous phosphorylation 

competent NPM residues within this region 83, we decided to focus on Thr199, 

since it has been reported that it affects the dissociation of NPM from 

nucleolar components 351, NPM recruitment to DNA damage foci and its 

participation in DNA repair mechanisms 181,357. Although previous studies 

have shown that NPM is phosphorylated at Thr199 by the cyclin E/cdk2 

complex 146 and becomes de-phosphorylated by the phosphatase PP1β 

following cell exposure to UV 357, it has been proposed that additional kinases 

must be utilized to phosphorylate Thr199 as this NPM modification is detected 

throughout the cell cycle and inhibition of cdk2 does not impair Thr199 

phosphorylation 159. Our data show that knocking down TPL2 with RNAi 

alleviates NPM phosphorylation at Thr199 (Fig. 7) at steady state and 

accelerates dephosphorylation following UVC treatment. In line with this, 

blocking TPL2 kinase activity with a commercial available inhibitor in 

concentrations similar to those used to deactivate TPL2 in the TNFRI-MEK-

ERK axis 12 has the same impact on NPM phosphorylation while in vitro 

kinase assays support that the effect of TPL2 on NPM phosphorylation at 

Thr199 is direct (Fig. 7). 

Even though TPL2-mediated NPM phosphorylation could explain the impact 

of TPL2 on NPM localization under genotoxic stress, no former data could 

relate this event to the regulation of its stability. Whilst de novo transcription 
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may also associate with the protein levels under these conditions 175, the 

physical association of TPL2 with NPM oriented our research to previously 

reported stability-related post-translational modifications such as NPM 

SUMOylation mediated by Akt 96 or K48-linked ubiquitination by EDAG and 

ER 97,98. Having excluded the possibility that Tpl2 could affect NPM 

SUMOylation status either at steady state or in UVC-induced stress (Fig. 8) 

we focused on ubiquitination events. To our surprise RNAi-mediated TPL2 

silencing ameliorated MG132-associated NPM ubiquitination (Fig. 8) and this 

posed an interesting finding since TPL2 is not known to date to possess E3 

ubiquitin ligase properties, nor to affect the only known NPM E3 ubiquitin 

ligase BRCA1/BRDA1 92. We speculated, thus, that NPM ubiquitination might 

associate with a phosphorylation event mediated by the kinase TPL2 and this 

was proven by the fact that a phosphorylation incompetent mutant of NPM at 

Thr199 (Thr199→Ala substitution) impeded TPL2-mediated NPM ubiquitination. 

In search of a possible NPM ubiquitination site affected by its phosphorylation 

at Thr199 we focused on Lys229 and Lys230 within the 188-244 aa NPM region 

shown to be essential for the interaction with TPL2 (Fig. 6). Since Lys230 

substitution to arginine (Lys230→Arg) did not affect NPM sub-cellular 

localization 95, we decided to focus on Lys229. Substitution of this lysine to 

arginine (Lys299→Arg) rescued the phenotype of T199A on NPM ubiquitination 

status showing thus for the first time that NPM Lys299 was a ubiquitination site 

specifically associated with NPM phosphorylation at Thr199. Although 

proteasomal inhibition with MG132 did not rescue total NPM levels following 

UVC irradiation of siTPL2 treated cells it could however, compensate the 

UVC-triggered reduction in Thr199 phosphorylation levels irrespectively of 

TPL2 total protein levels (Fig. 8). This fact indicates that the phosphorylated 

form represents a pool of NPM which is preferentially targeted for 

degradation.  

Together these data support the hypothesis that Tpl2 phosphorylates NPM at 

steady state, a fact that is closely linked to constant pNPM ubiquitination- 

degradation and maintenance of normal NPM levels. Following genotoxic or 

ribosomal stress NPM gets partially dephosphorylated a signal that triggers 

NPM stabilization and nucleoplasmic exodus (Fig. 3, 8). Dephosphorylated or 

98 



unphosphorylated NPM dimerized with pNPM prior to genotoxic stress travels 

to the nucleoplasm and competes with HDM2 for p53 binding thereby 

protecting the latter from HDM2-mediated degradation 160 and allowing the 

cell to engage p53-mediated cell cycle arrest and/or senescence mechanisms 

in DNA damaged cells 93,161.  

Ablation of TPL2 or reduction of its levels, a feature of some common forms of 

human cancer1, leads to significant inhibition of p53 activation following 

genotoxic or ribosomal stress (Fig. 9), similar to NPM knock-down as 

previously described 164. The effect of TPL2 on p53 stabilization is mediated 

through NPM inasmuch as TPL2 participates in a UVC-induced multi-protein 

complex with HDM2 and NPM and the knock down of TPL2 results in 

decreased interaction of NPM with HDM2 in DNA damaged cells (Fig. 10). In 

agreement with this finding, blocking proteasomal function with MG132 to 

prevent HDM2-mediated p53 ubiquitination restores p53 levels in TPL2-

ablated cells exposed to UVC. The overall outcome of the mechanism 

presented here is the enhanced survival of A549 cells following UVC 

irradiation when TPL2 is knocked down with RNAi compared to control siRNA 

treated cells (Fig. 10). 

The gradual reduction of TPL2 following UVC radiation (Fig. 5) that cannot be 

reversed by blocking the proteasome with a chemical inhibitor (Fig. 8) and the 

simultaneous NPM upregulation under the circumstances prompted our 

investigation towards the existence of a regulatory feedback loop between the 

two proteins. Quite interestingly, NPM overexpression that could resemble the 

physiological upregulation of the protein in DNA damage responses 160 

caused a reduction in TPL2 protein levels and TPL2-associated signaling 

cascades. NPM-mediated TPL2 regulation takes place probably in a 

transcriptional or a post-transcriptional level since the effect could not be 

observed in endogenous, rather in exogenously expressed TPL2 (Fig. 11). 

Cancer-related NPM aberrant expression 80 could thus block a simultaneous 

raise in TPL2 levels, depriving the cell of a proper response to genotoxic 

stimuli through the TPL2-NPM-p53 axis as shown in the present thesis. Even 

more interestingly, ALCL-associated NPM fusion chimera with ALK 353 seems 
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to avoid TPL2-mediated surveillance in a two-fold manner. First, NPM-ALK 

lacks the region of NPM 358 that interacts with TPL2 according to the data 

presented here, meaning that TPL2 cannot regulate post-translationally NPM-

ALK. Secondly, the residual NPM molecules rising from the heterozygotic 

character of NPM-ALK production 359 , cannot be regulated by TPL2 since 

NPM-ALK downregulates not only ectopically expressed but also endogenous 

TPL2 (Fig. 12) and renders the kinase incapable of exerting its effects on 

established downstream effectors such as ERK 20. This observation could 

possibly explain the tumorigenic role of NPM-ALK-mediated constitutive ERK 

phosphorylation 360.  

 

TPL2-IKKα  

The concept of inflammation-associated carcinogenesis has lately started to 

attract attention due to epidemiological and genetic-linkage data, that connect 

chronic inflammation cases to tumor initiation and progression 361. Of 

paramount importance in the interplay of these pathological conditions are the 

cytokines secreted by immunoregulatory cells that can either promote or 

suppress an arising tumor, depending on the extent of their induction or their 

effect on regulation of other proteins and genes 362. The attraction of tumor-

associated macrophages (TAMs) in the inflammatory milieu is linked to the 

secretion of multiple cytokines such as TNF and IL-6 that exert their functions 

on by-standing fibroblasts and epithelial cells promoting their epithelia to 

mesenchymal transition, a hallmark of carcinogenesis 363. IL-6 production 

downstream of TNF stimulation was shown to be TPL2- and IKKα-mediated 
224,354, both of which have been implicated in carcinogenic mechanisms 71,239. 

Although TPL2 and IKKα associate when over-expressed in T cells 364, no 

evidence up to date supports a functional association downstream of TNFRI 

signaling. We show here for the first time a novel interaction of endogenous 

TPL2 with IKKα at steady state, which is gradually reduced upon TNF 

treatment, following probably the kinetics of TPL2 under the circumstances 

(Fig. 13).  
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TNF promotes IKKα 224 and TPL2 nuclear translocation (Fig. 13) but TPL2 

ablation blocks IKKα nuclear residence not only in TNF-stimulated cells but 

also in untreated cultures supporting a cytoplasmic rather than a nuclear 

effect of TPL2 on IKKα (Fig. 14). The incompetence of IKKα to enter the 

nucleus in the absence of TPL2 is followed by its inability to bind IL-6 

promoter and upregulate its gene expression downstream of TNF as 

previously shown 224. This could explain the defect in IL-6 secretion in mouse 

fibroblasts lacking TPL2 (Fig. 14) in line with data shown in the past 354. 

Reduced IL-6 production is also observed when TPL2 kinase activity is 

blocked with a chemical inhibitor raising thus the suspicion that upon TNF 

stimulation, TPL2 may directly phosphorylate IKKα to render it capable of 

nuclear translocation and IL-6 promoter engagement. A direct effect is further 

supported by the fact that TPL2 is not interfered in the regulation of the 

alternative NF-κB pathway (Fig. 15), in the process of which IKKα is pivotal 
355. Even more interestingly, TNF-induced processing of the canonical NF-κB 

pathway is not affected by the ablation of IKKα irrespective of TPL2 kinase 

activity (Fig. 16). Nevertheless, IKKα absence is associated with aberrant 

activation of ERK and JNK upon TNF stimulation, a phenotype that is 

reversed by simultaneous blocking of TPL2 kinase activity with a chemical 

inhibitor. Since both MAP kinases are activated through TPL2 downstream of 

TNFRI signaling 354 and affect IL-6 production in this context, we can conclude 

that TPL2 mediates TNF-induced and IKKα-mediated IL-6 production in two 

ways. TPL2-IKKα association is essential for proper induction of ERK and 

JNK following TNF stimulation and at the same time TPL2 mediates IKKα 

nuclear translocation. The net effect is the induction of the pro-inflammatory 

and carcinogenesis-related IL-6. Anti-TNF molecules are already the pipeline 

drugs against various autoimmune diseases 365 while their role against cancer 

is also under investigation 366. The presence of side-effects however drives 

research to the discovery of new, more specific targets and the present study 

supports a promising solution through a simultaneous block of both TPL2 and 

IKKα activity that could eliminate the production of pro-inflammatory 

cytokines.   
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TPL2-miRNAs 

The idea that small chemical protein inhibitors can substitute traditional 

therapies for cancer due to their effectiveness and easy administration has 

enjoyed mounting support in recent years 367. Apparently, targeting small RNA 

molecules (miRNAs) serves as a promising therapeutic alternative, since they 

were, shortly after discovery, acknowledged as master regulators of gene 

expression in a post-transcriptional level 274. In line with this, we explored the 

potential of TPL2 to affect the expression of miRNAs as the cross-talk point of 

inflammatory and carcinogenic responses 368. To this end, we performed a 

high-throughput microarray miRNA expression analysis following TNF 

treatment of primary BMDMs in the presence or absence of TPL2 (Fig.17) and 

searched for miRNAs regulating cancer-associated genes. The results 

support a gradual effect of TNF on suppression of multiple miRNAs and 

underline a microRNA expression signature following TNF-induced 

inflammation. This effect is hindered in the absence of TPL2 suggesting that 

Tpl2 inhibition results in decreased inflammatory response through microRNA 

up-regulation. 

Validation of the results was evaluated in three miRNAs (mmu-let-7a, mmu-

let-7i and mmu-miR-223) predicted through the miRanda algorithm to bind IL-

6 3’ UTR and in all cases TPL2 was found to either reduce or block the effect 

of TNF on microRNA suppression (Fig. 18). This fact could explain the lower 

secreted IL-6 levels seen in TPL2-/- BMDMs compared to their WT 

counterparts following TNF treatment (Fig. 19). Even more interestingly, the 

effect was detected not only in the secreted but also in the mRNA levels of IL-

6 posing the suspicion that these miRNAs could mediate not only translational 

inhibition but also degradation of IL-6 mRNA, an alternative action of miRNAs 
369. The fact that at least one of these miRNAs (let-7a) is implicated in 

inflammation-associated carcinogenesis signaling circuits 370 renders the 

findings of this thesis promising towards unraveling similar networks. Future 

experiments will focus on discovering the exact binding sites of miRNAs on IL-

6 3’ UTR and other targets with the ultimate goal to reverse malignant 

phenotypes through blocking miRNAs with antagomiRs 295.  
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In conclusion, the data presented here support an overall pro-inflammatory 

but anti-carcinogenic role of TPL2. Apparently, blocking TPL2 with 

commercial available chemical inhibitors may suppress an aberrant 

inflammatory response in line with previously published data 29. This could 

provide a barrier towards induction of inflammation-associated cancer. 

Nevertheless, once cancer has been established following chronic 

persistence of an inflammatory microenvironment, TPL2 activity becomes 

beneficial in terms of cancer cell elimination through the proper p53 response. 

It is thus important to estimate the specific origin and the progression status of 

a tumor in order to use successfully a therapeutic scheme based on TPL2 

inhibition. The complexity further escalates given the fact that cancer cells 

may adopt resistance to specific MAP kinase inhibitors used as therapy 

targets, through activation of redundant signaling pathways 64, a case where a 

combination of agents is needed in order to achieve successful treatment. 

Concluding remarks and future prospects 

The present thesis provides novel and enthusiastic data regarding TPL2 

biology. In summary, it is shown for the first time that i) TPL2 may reside not 

only in the cytoplasm as it was traditionally believed but also in the nucleus 

(and nuclei) of various cell lines tested, ii) TPL2 colocalizes and interacts 

directly with NPM in the nucleus, iii) TPL2 participates in pathways triggered 

by genotoxic stress, iv) TPL2 regulates NPM phosphorylation at Thr199 and 

phosphorylation-mediated Ubiquitination at Lys229 two modifications crucial for 

the proper participation of NPM in DNA damage responses and v) TPL2 

affects the p53-driven apoptotic program of the cells under genotoxic stress 

through the axis NPM-HDM2-p53. In another experimental context it is 

evidenced that under the treatment of cells with the pro-apoptotic cytokine 

TNF vi) TPL2 interacts with IKKα and regulates its subcellular localization and 

its binding to the promoter of IL-6 gene, vii) TPL2 synergizes with IKKα in the 

regulation of MAPKs p38 and JNK and finally viii) TPL2 regulates the 

expression of various miRNAs that target a diverse set of genes implicated in 

carcinogenesis and may thus offer a molecular signature linking an 

inflammatory milieu with tumor microenvironment. Following the data 

presented here it will be interesting to study other nuclear functions of TPL2 
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that may help us understand its overall impact in DNA damage responses. 

Moreover, implication of TPL2 in inflammation-associated pathways renders it 

an attractive target for therapies in the future. More robust evidence on the 

regulation and act of TPL2 under these circumstances will emerge from large 

cohort studies of patients, high-throughput screenings of TPL2 expression in 

normal versus pathological specimens and studies in mouse models of 

disease. Finally, it is of paramount importance to discover new chemical 

compounds that block TPL2 kinase activity with high specificity and may be 

eligible to enter clinical trials for the treatment of numerous pathological 

states.    
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ORIGINAL ARTICLE

Physical and functional interaction of the TPL2 kinase
with nucleophosmin
DC Kanellis1,2,5, S Bursac3, PN Tsichlis4, S Volarevic3 and AG Eliopoulos1,2

Tumor Progression Locus 2 (TPL2) is widely recognized as a cytoplasmic mitogen-activated protein 3 kinase with a prominent role
in the regulation of inflammatory and oncogenic signal transduction. Herein we report that TPL2 may also operate in the nucleus as
a physical and functional partner of nucleophosmin (NPM/B23), a major nucleolar phosphoprotein with diverse cellular activities
linked to malignancy. We demonstrate that TPL2 mediates the phosphorylation of a fraction of NPM at threonine 199, an event
required for its proteasomal degradation and maintenance of steady-state NPM levels. Upon exposure to ultraviolet C, Tpl2 is
required for the translocation of de-phosphorylated NPM from the nucleolus to the nucleoplasm. NPM is an endogenous inhibitor
of HDM2:p53 interaction and knockdown of TPL2 was found to result in reduced binding of NPM to HDM2, with concomitant
defects in p53 accumulation following genotoxic or ribosomal stress. These findings expand our understanding of the function of
TPL2 as a negative regulator of carcinogenesis by defining a nuclear role for this kinase in the topological sequestration of NPM,
linking p53 signaling to the generation of threonine 199-phosphorylated NPM.

Oncogene advance online publication, 7 July 2014; doi:10.1038/onc.2014.183

INTRODUCTION
The p53 pathway is a key monitor of several cellular stress signals
preventing the survival of cells with irreparable genetic damage,
thus limiting tumor development.1,2 The significance of p53 in
tumor suppression is highlighted by the fact that more than half
of all human cancers are characterized by loss of p53 function
through mutations within the p53 gene or other genetic and
epigenetic changes affecting their ability to activate or respond to
p53 (Freed-Pastor and Prives3).
The biochemical regulation of p53 function is complex and

involves posttranslational modifications and interactions with
other proteins. The E3 ubiquitin ligase murine double-minute 2
(MDM2 or HDM2 in human) directly associates with p53 and
targets it for Lys48-linked ubiquitination and degradation. Accord-
ingly, stress-induced p53 accumulation depends on the inactiva-
tion of HDM2, which is achieved through several mechanisms,
including association with proteins that disrupt its interaction with
p53. Interestingly, a number of these HDM2-regulatory proteins
are related to the nucleolus, a non-membrane sub-nuclear
structure which functions as a hub for ribosome biosynthesis.
Specifically, ribosomal proteins L5, L11, L23 and S7 and
nucleophosmin (NPM, also designated B23 or numatrin) serve as
stress signal transmitters; following growth factor deprivation or
exposure to ribosome biosynthesis inhibitors and DNA-damaging
agents, they accumulate in the nucleoplasm4,5 where they bind
HDM2 releasing its inhibitory activity over p53 (Zhang and Lu6 and
Bursac et al.7).
Among these nucleolar proteins, NPM has attracted particular

attention because of its diverse cellular activities related to
proliferation, apoptosis, regulation of ribosome biogenesis,

chromatin remodeling and centrosome duplication and its impact
on disease pathogenesis.8,9 Thus, NPM overexpression is observed
in various solid tumors and is correlated with uncontrolled
proliferation and cellular transformation, whereas low NPM
expression levels or mutations which cause its localization to the
cytoplasm, are associated with genomic instability, centrosome
amplification and the development of myeloid disorders and
hematopoietic malignancies. These reported findings suggest that
fine-tuning of NPM expression and/or localization is required to
control tumorigenesis. In line with this model, the levels of NPM
set a threshold for p53 phosphorylation and activation by
competing with ATR for Ser15 phosphorylation10 and with HDM2
for p53 binding.11 NPM has also been shown to control the
association of HDM2 with tumor-suppressor ARF upon oncogene-
induced replication stress.12

Nevertheless, the molecular and biochemical features of NPM
that enable it to modulate its pleiotropic biological activities
remain largely unexplored. Posttranslational modifications and
interactions with other proteins have been described and are
likely to regulate at least some of the functional outputs of NPM.
Herein we describe Tumor Progression Locus 2 (TPL2), also known
as Cancer Osaka Thyroid), as a novel NPM-interacting protein that
influences the stress-induced phosphorylation and translocation
of NPM to the nucleoplasm.
TPL2 is a serine-threonine mitogen-activated protein 3 (MAP3)

kinase with important roles in the immune system where it
regulates signaling from Toll-like receptors,13,14 the tumor necrosis
factor (TNF) family of receptors15,16 and G protein-coupled
receptors17 and the expression of various inflammation-related
genes at transcriptional or posttranscriptional level.18–22 Early
studies indicated that TPL2 is a putative proto-oncogene
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inasmuch as C-terminal truncations caused by retrovirus insertion
in the TPL2 gene locus are associated with enhanced transforming
capacity in mice and rats.23,24 Nevertheless, activating mutations
in TPL2 have not been described in humans,21 and recent data
from our laboratory and others have demonstrated that endo-
genous TPL2 may physiologically function as suppressor of
tumorigenesis in the lung,25 colon26,27 and skin.28 Data presented
in this study provide biochemical insight into the anti-cancer
properties of TPL2 by uncovering a functional relationship
between TPL2 and NPM that impacts on p53 response to DNA
damage and nucleolar stress.

RESULTS
TPL2 interacts with nucleophosmin
A proteomic screen using overexpressed TPL2 as bait identified NPM
as a putative TPL2-interacting protein. These data will be presented
in detail elsewhere. Herein we have explored the TPL2:NPM
association by glutathione S transferase (GST) pull-down and
immunoprecipitation assays. Bacterially produced GST–NPM fusion
protein immobilized on glutathione sepharose beads was incubated
with lysates from human embryonic kidney (HEK) 293 cells
transfected with a myc-tagged TPL2 (MT-TPL2) expression vector.
As shown in Figure 1a, overexpressed MT-TPL2 was found to interact

with GST-NPM. Further control experiments showed that MT-TPL2
did not associate with GST-IκBα (Figure 1b). To determine whether
the interaction of TPL2 with NPM also occurs in vivo, myc-tagged
NPM (MT-NPM) and untagged TPL2 were co-expressed in HEK293
cells, lysates were immunoprecipitated using anti-TPL2 antibody and
immunoblotted with anti-NPM. The results showed that when
overexpressed, MT-NPM and TPL2 co-precipitate (Figure 1c).
NPM predominantly resides in the nucleolus and undergoes

translocation to the nucleoplasm upon cell exposure to DNA-
damaging agents.29 In contrast, TPL2 has mostly been studied
as a cytoplasmic kinase in the context of cytokine and Toll-like
receptor signal transduction.30 However, recent studies have
indicated that TPL2 may also have nuclear functions.31 We have
thus examined the presence of TPL2 in cytoplasmic and nuclear
fractions of HEK293 cells transiently transfected with MT-TPL2. The
results of the fractionation experiments showed that over-
expressed TPL2 is present both in the cytoplasmic and nuclear
extracts from these cells (Figure 2a).
We have also assessed the subcellular localization of TPL2 in

immortalized fibroblasts from tpl2−/− mice stably reconstituted
in vitro with near-physiological levels of hemagglutinin (HA)-
tagged TPL2 (Cho and Tsichlis32). Cells were either exposed to
ultraviolet C (UVC) or left untreated, and TPL2 localization was
monitored by immunofluorescence using anti-HA antibody.
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Figure 1. TPL2 interacts with NPM in vitro and in vivo. (a) Pull-down assay showing interaction of overexpressed TPL2 with bacterially produced
NPM. GST-NPM was immobilized on glutathione sepharose beads and incubated with 0.3 mg lysates from HEK293 cells transfected with a
myc-tagged (MT) TPL2 expression vector (lanes 2 and 4) or control empty vector (ev) plasmid (lanes 1 and 3). TPL2 associating with GST-NPM
was detected by immunoblot using anti-MT 9E10 mAb (upper panel) or anti-TPL2 Ab (middle panel). GST proteins were detected by Ponceau
staining (lower panel). The sizes of the molecular weight markers (kDa) are given on the right hand side of the gel. Data are representative of
at least four independent experiments. (b) Pull-down assay showing interaction of exogenously expressed MT-TPL2 with bacterially produced
GST-NPM but not GST-IκBα (aa 1–62) or GST alone. (c) NPM and TPL2 interact in vivo when co-expressed. HEK293 cells were transfected with a
combination of myc-tagged (MT) NPM and untagged TPL2 or empty vectors (ev) as indicated. TPL2 was immunoprecipitated (IP) from 0.5 mg
cell lysates and TPL2-bound NPM was detected by immunoblotting with anti-NPM. Ten percent of whole-cell lysates (WCL) were also
immunoblotted; both the endogenous NPM and the transfected MT-NPM are shown. Note that despite the immunoprecipitation of lower
amounts of overexpressed TPL2 shown in lane 3 compared with lane 2, significant interaction of MT-NPM with TPL2 is detected. h.c., Ig
heavy chain.
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Staining with anti-lamin Ab was used to mark the nuclear
envelope. As shown in Supplementary Figure S1, TPL2 predomi-
nantly localized in the cytoplasm and plasma membrane in
untreated cells, but some punctuated staining was also observed
in the nucleus. However, significant mobilization of HA-TPL2 to the
nucleus was detected following UVC irradiation. This observation
is in agreement with a previous study demonstrating nuclear
localization of TPL2 following exposure of cells to UVB.31

On the basis of these findings, we asked whether the interaction
between TPL2 and NPM occurs in the nucleus where NPM mainly
resides. Nuclear and cytoplasmic proteins were extracted from
HEK293 cells transiently transfected with MT-TPL2 (Figure 2a) or a
kinase-dead mutant (Figure 2b) and incubated with GST-NPM

immobilized on glutathione sepharose beads. NPM interactions
were analyzed by immunoblot using anti-TPL2 Ab. The results
showed a profound association of GST-NPM with nuclear but not
cytoplasmic TPL2 (Figure 2a). In contrast, kinase-inactive TPL2
failed to interact with NPM irrespective of localization (Figure 2b).
We next analyzed associations between the endogenous

proteins in A549 lung cancer cells. Nuclear and cytoplasmic
protein extracts were prepared from cultures exposed to 20 J/m2

UVC and untreated cultures before evaluation of NPM:TPL2
interactions by co-immunoprecipitation. Endogenous NPM was
found to co-precipitate with TPL2 in nuclear extracts from UVC-
treated cells, whereas little association was observed in untreated
cultures (Figure 2c). In contrast, no interaction between the two
proteins was observed in cytoplasmic lysates.

TPL2 modulates both the localization and levels of NPM following
DNA damage
On the basis of the aforementioned findings, we proceeded to
assess more specifically the localization of TPL2 and NPM before
and after DNA damage. Nucleolar, nucleoplasmic and cytoplasmic
fractions were obtained from A549 cells exposed to UVC for
various time intervals and from untreated cultures and analyzed
for TPL2 and NPM levels by immunoblot. As shown in Figure 3a,
TPL2 was predominantly found in the cytoplasm of untreated
cultures, was absent in the nucleoplasm but was detected in the
nucleolar fraction. Following UVC treatment, TPL2 levels
decreased in both cytoplasm and nucleoli and increased in the
nucleoplasm. Irradiation also led to the translocation of NPM from
nucleoli to nucleoplasm, consistent with previous reports.33

Similar results were obtained when A549 cells were exposed to
low concentrations of actinomycin D, which perturbs ribosome
biogenesis triggering a p53-activating signaling pathway inde-
pendently of DNA damage (data not shown).
The aforementioned findings, coupled with the fact that TPL2

and NPM interact (Figure 1), prompted us to examine whether a
functional relationship between the two proteins exists. To this
end, TPL2 was knocked down in A549 cells followed by cell
exposure to UVC. Lysates from cytoplasmic, nucleolar and
nucleoplasmic fractions were analyzed for NPM levels by
immunoblot. Interestingly, the RNAi-mediated reduction in TPL2
levels attenuated the translocation of NPM from the nucleoli to
nucleoplasm (Figure 3a). As purification and loading control in
these analyses, lysates from each fraction were immunoblotted for
tubulin, lamin B and UBF, which are expressed in the cytoplasm,
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Figure 2. TPL2 predominantly associates with NPM in the nucleus
and requires intact kinase activity. (a) Nuclear and cytoplasmic
protein extracts of HEK293 cells transiently transfected with a MT-
TPL2 expression vector were prepared and incubated with purified
GST-NPM. TPL2 pulled down with GST-NPM was detected by
immunoblot. The transcription factor Sp1 was used as a marker for
the purity of the nuclear cell extract preparation, and Ponceau
staining of the gel confirmed equal loading of recombinant GST-
NPM. (b) Nuclear and cytoplasmic protein extracts of HEK293 cells
transiently transfected with myc-tagged kinase-dead TPL2 (MT-TPL2
KD) were prepared and incubated with either purified GST-NPM or
GST-ev (control GST). TPL2 that was pulled down with GST-NPM was
detected by immunoblot. The transcription factor Sp1 was used as a
marker for the purity of the nuclear cell extract preparation, and
Ponceau staining of the gel confirmed equal loading of recombinant
GSTs. (c) Endogenous nuclear TPL2 interacts with NPM. A549 cells
were irradiated with UVC or left untreated for the indicated time
period. TPL2 was immunoprecipitated (IP) from 0.5 mg cytoplasmic
or nuclear lysates and TPL2-associating NPM was detected by
western blotting (lower panel). Ten percent of the respective lysate
was analyzed by immunoblotting for TPL2 and NPM levels as input
control. SP1 and GAPDH were used as markers for the efficacy of
nuclear and cytoplasmic fractionation, respectively.
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nucleoplasm and nucleoli, respectively (Figure 3a). Similar results
were obtained when A549 cells were cultured in the presence of a
small molecule TPL2 kinase inhibitor before exposure to UVC
(Figure 3b), suggesting that the catalytic activity of TPL2
contributes to the regulation of NPM re-localization.
NPM expression increases in response to DNA damage,34

hypoxia35 and treatment with hormones.36 In line with these
reports, A549 cells exposed to UVC displayed elevated NPM levels
compared with untreated controls (Figure 4a). Intriguingly, the
knockdown of TPL2 led to higher NPM levels in untreated cultures
that did not increase further following UVC treatment (Figure 4a).
This phenomenon is not particular to transformed cells as
immortalized fibroblasts from tpl2− /− mice (Figure 4b) also
displayed slightly elevated NPM levels and failed to upregulate
NPM in response to different doses of UVC compared with wild-
type fibroblasts (Figure 4c).
To test whether the aforementioned protein expression profile

relates to differences in ubiquitination, TPL2 was knocked down in
A549 cells followed by UVC treatment in the presence or absence
of the proteasome inhibitor MG132. Total cell lysates were
immunoprecipitated with anti-NPM and immunoblotted with
anti-Ubiquitin Ab. Exposure of control siRNA-transfected cultures
to UVC led to reduction in the levels of ubiquitinated NPM
compared with untreated controls. Interestingly, the knockdown
of TPL2 significantly reduced NPM ubiquitination in untreated
cultures that was marginally affected by UVC (Figure 4d). These
data demonstrate a correlation between NPM expression and
ubiquitination and highlight a role for TPL2 in modulating both
localization and expression of NPM.

TPL2 regulates the phosphorylation of NPM at threonine 199
NPM is subject to various posttranslational modifications, which
affect its localization and function, including phosphorylation.37

Previous studies have shown that phosphorylation of a fraction of
NPM at Thr199 is required for its dissociation from nucleolar
components.38 As TPL2 functions as a Ser/Thr kinase, interacts
with NPM (Figures 1 and 2) and regulates its localization (Figure 3),
we surmised that TPL2 may phosphorylate NPM. In line with this
prediction, we have found that Thr199 NPM phosphorylation is
severely affected by the knockdown of TPL2 in both untreated
A549 cells and in cultures exposed to UVC (Figure 5a). To
determine whether this effect requires the catalytic activity of
TPL2, A549 cells were treated with a TPL2 kinase inhibitor before
UVC exposure. We used inhibitor concentrations that impair TNF-
mediated extracellular signal-regulated kinase (ERK) phosphoryla-
tion (Supplementary Figure S2), in line with the established role of
TPL2 in the TNFR1-MAPK signaling axis.15 The results showed that
treatment with the TPL2 kinase inhibitor reduced basal Thr199

phosphorylation levels and accelerated their decline following
exposure to UVC (Figure 5b).
To provide further evidence linking TPL2 to NPM phosphoryla-

tion, we assessed the ability of overexpressed TPL2 to phosphor-
ylate NPM at Thr199 in an in vitro kinase reaction using
recombinant GST-NPM as substrate. As positive control in these
assays, we used MEK1 which directly interacts with and is
phosphorylated by TPL2 at Ser217/221 (Salmeron et al.39). Immuno-
precipitated TPL2 from MT-TPL2 transfected HEK293 cells
was found to phosphorylate both GST-MEK1 (Supplementary
Figure S3) and GST-NPM in vitro, whereas a Thr199→Ala mutated
NPM fused to GST remained unresponsive (Figure 5c). Collectively,
these findings underscore an important role for TPL2 in the
regulation of NPM phosphorylation at Thr199.
To examine whether TPL2 may influence NPM ubiquitination via

Thr199 phosphorylation, HEK293 cells were co-transfected with
TPL2 and HA-tagged Ub expression vectors and either MT-NPM or
a MT-NPM construct in which Thr199 has been mutated to Ala
(T199A). Lysates were immunoprecipitated with anti-HA and
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Figure 3. TPL2 affects the translocation of NPM from the nucleolus to the nucleoplasm following UVC treatment. (a) A549 cells were
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immunoblotted using anti-NPM Ab. The results (Figure 5d)
demonstrated that TPL2 expression led to enhanced ubiquitina-
tion of wild-type NPM, whereas NPM(T199A) remained unaffected.
To further explore the link between ubiquitination and Thr199

phosphorylation of NPM and the influence of TPL2 on these
effects, A549 cells were transfected with siRNAs targeting TPL2 or
the unrelated Luciferase gene and exposed to UVC treatment in
the presence or absence of the proteasome inhibitor MG132.
Lysates were immunoblotted with antibodies detecting NPM
phosphorylated at threonine 199 or NPM, irrespective of
phosphorylation status. Interestingly, MG132-mediated inhibition
of proteasome activity led to significant increase in the levels of
phosphorylated NPM in both untreated cultures and cells exposed
to UVC (Figure 5e). The levels of total (phosphorylated and non-
phosphorylated) NPM also partly increased following MG132
treatment.
We evaluated the possibility that MG132 does not directly exert

its effects on NPM but leads to increased NPM phosphorylation
through TPL2 stabilization. To this end, A549 cells were treated
with MG132 and TPL2 levels were examined before and 8 h after
exposure to 20 J/m2 UVC. As control, lysates from the same
cultures were immunoblotted for p53. As shown in Supplementary
Figure S4, TPL2 expression levels remained unaffected by MG132
treatment, whereas p53 was stabilized both in untreated and UVC-
treated cells. On the basis of the aforementioned findings, we
conclude that TPL2 regulates threonine 199 phosphorylation of a
fraction of NPM that undergoes ubiquitination and degradation.

TPL2 regulates p53 accumulation in response to DNA damage and
ribosomal stress by modulating the interaction of NPM with HDM2
Following DNA damage, the release of NPM to the nucleoplasm
contributes to increased p53 stability by binding to and inhibiting
HDM2.11 In line with the reported findings, the RNAi-mediated
depletion of NPM in A549 cells resulted in reduced accumulation
of p53 upon cis-platin (Figure 6a) or UVC (Figure 6b) treatment.
As TPL2 affects both the stress-induced localization and

expression levels of NPM (Figures 3 and 4), we asked whether it
also impacts on the activation of the p53 pathway. To this end,
TPL2 was knocked down in A549 cells before stimulation of
genotoxic stress by cis-platin or UVC or induction of ribosomal
stress by low concentrations of actinomycin D.4 In analogy to cells
bearing reduced NPM levels (Figures 6a and b), p53 accumulation
was attenuated by the knockdown of TPL2 in response to these
agents (Figures 6c–e). This observation was not restricted to tumor
cells as primary embryo fibroblasts from tpl2−/− mice also
responded to UVC with reduced accumulation of p53 compared
with tpl2+/+ cells (Supplementary Figure S5). Moreover, pretreat-
ment of A549 cells with TPL2 kinase inhibitor mimicked the effects
of TPL2 knockdown and attenuated the p53 response to UVC
(Figure 6f). In line with these observations, A549 cells transfected
with TPL2 siRNA displayed reduced levels of apoptosis compared
with controls upon exposure to UVC (Supplementary Figure S6).
These observations prompted us to determine whether TPL2

exerts its effect on p53 by influencing the interaction of NPM with
HDM2. As demonstrated by co-immunoprecipitation analysis,
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NPM and HDM2 were found to form complexes (Figure 6g).
Exposure to UVC led to reduction in total HDM2 levels but
increased interaction of HDM2 with NPM, in agreement
with a previous report.11 Interestingly, however, less NPM co-
precipitated with HDM2 following depletion of TPL2 (Figure 6g),
suggesting that the lower levels of p53 accumulation in these cells

result from HDM2-mediated ubiquitination and proteosomal
degradation of p53. In line with this prediction, treatment with
MG132 restored p53 levels in TPL2-depleted cells exposed to UVC
(Figure 6h). Together, these results suggest that TPL2 regulates
p53 accumulation by interfering with the ability of NPM to interact
with HDM2.
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UVC irradiation. TPL2-depleted A549 cells were treated with UVC in the presence of MG132 or DMSO vehicle control. Detection of NPM
pThr199, total NPM and β-actin as loading control was performed by immunoblotting.
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DISCUSSION
TPL2 has largely been appreciated as a MAP3 kinase operating in
the cytoplasm to control inflammatory and oncogenic signal
transduction.21,22,30 Data presented in this study show that a
fraction of TPL2 resides in the nucleus (Figure 2a and
Supplementary Figure S1) and identify the nucleolus as the main
subnuclear structure of TPL2 localization (Figure 3). This finding
indicates that TPL2 may affect targets outside the MAP kinase
cascade. Indeed, we describe herein a novel nuclear role for TPL2

as a physical and functional interactor of NPM, a major nucleolar
component. Interestingly, cytoplasmic TPL2 largely fails to bind
NPM in pull-down and co-immunoprecipitation assays (Figure 2),
raising the possibility that TPL2 undergoes posttranslational
modifications and/or interaction with other protein(s) which
enable its localization to the nucleus and association with NPM.
As TPL2 lacks canonical nuclear localization signal, we postulate
that it is chaperoned by another protein to enter the nucleus,
reminiscent of the cytoplasmic kinases Raf-1 and Akt2 which have
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Figure 6. TPL2 regulates p53 accumulation in response to DNA damage. (a, b) Knockdown of NPM reduces the accumulation of p53 in
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also been described to partly translocate to the nucleus and
confer nuclear functions.40,41

NPM is subject to various posttranslational modifications,
including phosphorylation, SUMOylation and ubiquitination which
are likely to dictate many of the pleiotropic biochemical and
biological properties of this protein.42 Thus phosphorylation of
NPM at Thr199 has been reported to affect the dissociation of NPM
from nucleolar components,38 recruitment to DNA-damage foci
and participation in DNA-repair mechanisms.43,44 Previous studies
have shown that NPM is phosphorylated at Thr199 by the cyclin
E/cyclin-dependent kinase 2 (cdk2) complex45,46 and becomes
de-phosphorylated by the phosphatase PP1β following cell
exposure to UV.44 However, it has been proposed that additional
kinases must be utilized to phosphorylate Thr199, as this NPM
modification is detected throughout the cell cycle and inhibition
of cdk2 does not impair Thr199 phosphorylation.47 In this study, we
have described TPL2 as a novel Thr199 NPM kinase.
A functional link between TPL2 and phosphorylation of NPM at

Thr199 was inferred by the observation that the catalytic activity of
TPL2 is required for physical interaction with NPM (Figure 2b) and
that TPL2 knockdown results in attenuated translocation of NPM
from the nucleolus to nucleoplasm (Figure 3a), a process
influenced by Thr199 phosphorylation.38 In line with this predic-
tion, we have demonstrated that TPL2 phosphorylates NPM at
Thr199 in vitro (Figure 5c) and that the kinase activity of TPL2 is
required for this modification in vivo (Figure 5b). Intriguingly,
whereas the interaction between TPL2 and NPM increases upon
exposure to UVC (Figure 2c), phosphorylation at Thr199 decreases
(Figures 5a and b). This finding may relate to the degradation of
the phosphorylated form of NPM (Figure 5e), or it may reflect the
balance between the opposing effects of TPL2 on phosphorylation
and of PP1β on Thr199 NPM de-phosphorylation in irradiated
cells,44 a possibility that merits further investigation.
NPM participates in signaling networks that govern DNA-

damage responses and operates as a regulator of major tumor
suppressors, such as p53 and Arf.48,49 Upon exposure to stress
stimuli, NPM interacts with HDM2 and sequesters it from
interaction with p53, thereby protecting p53 from HDM2-
mediated degradation.11 The ensuing accumulation of p53 is
required for cell cycle arrest and/or senescence in DNA-damaged
cells.48,50 Our findings demonstrate that, similar to NPM
knockdown11,48 (see also Figures 6a and b), the ablation
(Supplementary Figure S5) or reduction (Figure 6) in TPL2 levels,
a feature of some common forms of human cancer,25 leads to
significant inhibition of p53 activation following genotoxic or
ribosomal stress. Importantly, we show that the effects of TPL2 on
p53 stabilization are mediated through NPM inasmuch as the
knockdown of TPL2 results in decreased interaction of NPM with
HDM2 in DNA-damaged cells (Figure 6g). In line with this finding
and the function of HDM2 as p53 ubiquitin ligase, treatment with
a proteasome inhibitor restores p53 levels in TPL2-ablated cells
exposed to UVC (Figure 6h).
A functional link between NPM phosphorylation and p53

activation was inferred by studies showing that Thr199 NPM
phosphorylation by cyclin–CDK complexes is involved in centro-
some duplication, which triggers CDKN1A-mediated cell cycle
arrest or apoptosis in p53-positive backgrounds.51 Loss of p53
eliminates this checkpoint, culminating in centrosome over-
duplication, mitotic inaccuracy and genomic instability.51 How-
ever, the molecular events linking NPM phosphorylation to p53
activation remain elusive. Previous reports have shown that NPM
undergoes ubiquitination mediated by the E3 ubiquitin ligase
BRCA1/BRDA152 and have implicated the ubiquitin–proteasome
system in the stability of NPM.53,54

In this study, we confirm these findings and show a correlation
between reduced ubiquitination and elevated NPM expression
levels in UVC-treated cells (Figure 4d). Although de novo
transcription may also contribute to this effect,55 we have found

that knockdown of TPL2 results in reduced ubiquitination of NPM
in both untreated and UVC-treated cells (Figure 4d). Importantly,
we report that TPL2 promotes NPM ubiquitination in a Thr199-
dependent manner (Figure 5d) and that the UVC-triggered
reduction in Thr199-phosphorylation levels is restored upon
inhibition of proteasome activity in both control and TPL2-
depleted cells (Figure 5e).
Collectively, our data uncover a novel role for TPL2 in the

regulation of NPM phosphorylation and localization. On the basis
of the presented findings, we propose that in untreated cells TPL2
phosphorylates a fraction of NPM at Thr199 (pNPM; Figure 7),
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for UV-induced, PP1β-mediated de-phosphorylation is thus reduced,
resulting in impaired mobilization of NPM to the nucleoplasm (b,
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and p53 accumulation is impaired.
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which is targeted for ubiquitination and degradation thereby
contributing to the maintenance of steady-state NPM levels.
Upon genotoxic damage ensued by UVC, pNPM becomes
de-phosphorylated presumably by the PP1β phosphatase, which
has been reported to convey this UV-mediated effect.44 The
de-phosphorylation of pNPM leads to reduced ubiquitination,
NPM stabilization and translocation to the nucleoplasm where it
regulates HDM2:p53 interactions. This model is supported by
biochemical evidence demonstrating that Thr199-phosphorylated
NPM is detected in the nucleolus but not the nucleoplasm
(Supplementary Figure S7) and by published data suggesting that,
once de-phosphorylated, NPM functions outside the nucleolus to
regulate E2F1 transcription and DNA repair of UVC-induced
genotoxic damage.44 In cells bearing reduced TPL2 expression
levels, NPM phosphorylation at Thr199 is diminished and the pool
of pNPM available for PP1β-mediated de-phosphorylation is
decreased. As a result, the UV-induced mobilization of NPM to
the nucleoplasm is reduced, leading to poor p53 response
(Figure 7).
The findings reported herein thus expand our understanding of

the function of TPL2 as negative regulator of carcinogenesis25–28

by defining a nuclear role for this kinase in the topological
sequestration of NPM and in coupling p53 signaling to the
generation of Thr199-phosphorylated NPM. The physical and
functional relationship between TPL2 and NPM may thus influence
the outcome of genotoxic and ribosomal stress, thereby achieving
control of processes relevant to carcinogenesis. In light of a recent
study implicating TPL2 re-activation in therapeutic resistance to
MEK and ERK inhibitors in melanoma,56 it would be of interest to
examine the interplay between TPL2 and NPM in this response.

MATERIALS AND METHODS
Expression constructs and mutagenesis
Full-length NPM cDNA (NM_002520.6) designated as wild-type NPM was
PCR-amplified from human cDNA using primers: 5′-GATTCGATGGACA
TGGAC-3′ (sense) and 5′-TTAAAGAGACTTCCTCCACTG-3′ (antisense). The
amplicon was inserted into pCR2.1 TOPO vector (Invitrogen, Life
Technologies, Carlsbad, CA, USA) and then sub-cloned into myc-tagged
(MT) pRK5 mammalian expression vector (pRK5-MT-NPM) or pGEX-2TK-GST
(C terminal) bacterial expression vector (GE Healthcare, Little Chalfont,
UK) as BamHI-EcoRI fragment. GST-IκBα (aa1-62) has previously been
described.57 Myc-tagged wild-type (MT-TPL2) and kinase-dead (K167M)
TPL2 (MT-TPL2 KD) constructs were a kind gift from A Weiss (Rosalind
Russell Medical Research Center for Arthritis, UCSF, CA, USA).58 A threonine
199 to alanine (T199A) NPM mutation was generated as previously
described59 using MT-NPM or GST-NPM as template. All constructs were
sequenced (Macrogen Co., Amsterdam, The Netherlands) to ensure error-
proof cloning and/or mutagenesis.

Cell culture, transfections and gene silencing
Maintenance of A549, HEK293 cells and MEFs was performed as previously
described.17,25 Gene silencing was performed using Lipofectamine
RNAiMax Reagent (Invitrogen) according to the manufacturer’s instruc-
tions. TPL2 knockdown was achieved following one or two rounds of siRNA
transfection using Dharmacon SMARTpool ON-TARGETplus MAP3K8 siRNA
(no. L003511, Thermo Fisher Scientific, Leicestershire, UK) or a combination
of three Stealth siRNAs (no. HSS102181-182-038; Invitrogen). The siRNA
duplex sequences used for NPM depletion were designed according to
previous published data48 and were purchased from Dharmacon. Working
concentration of each siRNA was 10–20 nM.

Cell treatment, lysis and fractionation
Cells were irradiated with 20 J/m2 UVC (Vilber Lourmat, Eberhardzell,
Germany),60 treated with cis-platin (Sigma-Aldrich GmbH, Munich,
Germany) at a final concentration of 25 μM or Actinomycin D (Sigma-
Aldrich) at 0.05 μg/ml. Recombinant human TNFα (R&D systems, Abingdon,
UK) was used at a final concentration of 20 ng/ml. MG132 (ENZO Life
Sciences, Farmingdale, NY, USA) was used at a final concentration of 20 μM
and was added to the medium 1 h before stimulation. TPL2 kinase inhibitor

(Calbiochem, Merck-Millipore, Billerica, MA, USA) was added at the culture
medium 1 h before stimulation at a final concentration of 20 μM. Following
treatment, cells were lysed using a Triton X-100-based lysis buffer as
previously described.18,25 Alternatively RIPA lysis buffer was used to ensure
efficient lysis of nuclei. Fractionation of cytoplasmic and nuclear proteins
and isolation of highly pure nucleoli was performed as previously
described.4,15

Immunoblotting and antibodies
Immunoblotting was performed as previously described.18,25 The following
antibodies were used: α-TPL2 (M-20), α-NPM (FC82291), α-myc (A-14), α-Sp1
(PEP-2), α-HA (Y-11),α-Lamin-B (C-20), α-UBF (F-9), α/β-tubulin (TU-02) and
α-ERK2 (C-14) purchased from Santa Cruz (Dallas, TX, USA); α/β-actin (clone
C4) purchased from Merck-Millipore; α-pERK (M8159) and α-GAPDH from
Sigma-Aldrich; α-Ubiquitin (FK2H) from ENZO Life Sciences; and α-MEK1/2
pSer217/Ser22 and α-MEK1/2 from Cell Signaling (Danvers, MA, USA).
Detection of NPM pThr199 was achieved with a cocktail of antibodies
purchased from Cell Signaling (no. 3541) and Abcam (Cambridge, MA, USA)
(EP1857Y). Αnti-p53 (DO-1, pAb1801) and anti-HDM2 (4B2, 4B11, 2A9)
hybridoma supernatants were kindly provided by Professor M Oren and
Professor Varda Rotter (Weizmann Institute of Science, Israel).

Immunoprecipitation and GST pull-down assays
Cells were lysed in a buffer containing 0.5% Triton X-100, 150mM NaCl,
50mM Tris pH 7.6, 1% EDTA, 1 mM Na3VO4 and protease inhibitor cocktail
(Sigma-Aldrich) at 48 h posttransfection or immediately after cell stimula-
tion. Equal protein amounts (0.5–1mg) were mixed with the appropriate
antibody for 1 h at room temperature or overnight at 4 °C. The complexes
were then bound to protein G sepharose beads (BD Biosciences, Oxford,
UK) for 60min at 4 °C. After excess washing with lysis buffer, bead-bound
protein complexes were dissociated from the beads in Laemmli buffer
(containing β-mercaptoethanol) and boiled for 5 min at 100 °C. Samples
were then loaded on polyacrylamide gels for sodium dodecyl sulfate–
polyacrylamide gel electrophoresis analysis. For the detection of immuno-
precipitated (IP) TPL2, a light chain-specific secondary α-rabbit antibody
was used to avoid heavy chain background (Jackson Immunoresearch
Laboratories, Suffolk, UK). For Ubiquitin IP assays 20 μM MG132 (ENZO Life
Sciences) was added to the cell culture medium for 4–5 h before cell lysis.
Cells were then washed in 1 × PBS pH 7.4 supplemented with 10 μM
MG132 and 10mM NEM (Sigma-Aldrich) and lysed in RIPA buffer
containing MG132 and NEM. NPM was immunoprecipitated and analyzed
for ubiquitination status by probing with anti-Ub Ab (FK2H). The GST
pull-down assays were performed as previously described.15

In vitro kinase assay
HEK-293T cells transfected with MT-ev or MT-TPL2 were lysed in kinase
lysis buffer,57 and 0.5 mg protein lysate was used to immunoprecipitate
TPL2 using 2 μg α-TPL2 (M-20) Ab and G-sepharose beads. The beads were
washed twice in kinase lysis buffer and three times in kinase reaction
buffer.57 The supernatant was removed, and the beads were resuspended
in kinase reaction buffer supplemented with 10mM MgCl2 and 2mM freshly
made ATP and 1–2 μg purified (with glutathione beads column) GST-NPM,
GST-NPM(T199A) or kinase inactive GST-MEK1 (K207A)39 as substrate.
In vitro kinase reaction was performed for 30min at 30 °C. Beads were
separated from the supernatant, resuspended in 2 × Laemmli buffer and
boiled for 5 min at 100 °C. Supernatants were mixed with equal volumes of
2 × Laemmli buffer and boiled. Phosphorylation was determined by
western blotting of bead eluates and probing with α-pT199 NPM or
α-pS217/S222 MEK1/2. Equal loading of GST-NPM and GST-MEK1 (K207A)
protein was confirmed by blotting supernatants with α-NPM or α-MEK1/2
antibody.
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Lung cancer is a heterogeneous disease at both clinical and
molecular levels, posing conceptual and practical bottlenecks in
defining key pathways affecting its initiation and progression.
Molecules with a central role in lung carcinogenesis are likely to
be targeted by multiple deregulated pathways and may have prog-
nostic, predictive, and/or therapeutic value. Here, we report that
Tumor Progression Locus 2 (TPL2), a kinase implicated in the
regulation of innate and adaptive immune responses, fulfils a role
as a suppressor of lung carcinogenesis and is subject to diverse
genetic and epigenetic aberrations in lung cancer patients. We
show that allelic imbalance at the TPL2 locus, up-regulation of
microRNA-370, which targets TPL2 transcripts, and activated RAS
(rat sarcoma) signaling may result in down-regulation of TPL2
expression. Low TPL2 levels correlate with reduced lung cancer
patient survival and accelerated onset and multiplicity of ure-
thane-induced lung tumors in mice. Mechanistically, TPL2 was
found to antagonize oncogene-induced cell transformation and
survival through a pathway involving p53 downstream of cJun
N-terminal kinase (JNK) and be required for optimal p53 response
to genotoxic stress. These results identify multiple oncogenic
pathways leading to TPL2 deregulation and highlight its major
tumor-suppressing function in the lung.

Tumor Progression Locus 2 (TPL2), also known as Cancer
Osaka Thyroid (COT) and MAP3K8, is a serine-threonine ki-

nase with essential functions in innate immune cells, where it
transmits signals through Toll-like receptors (1–3), the TNF family
of receptors (4), and G protein-coupled receptors (5). As a result,
TPL2 ablation in mice ameliorates the severity of a variety of in-
flammatory pathologies (1, 6), suggesting that it could be explored
as a therapeutic target. In contrast, however, TPL2-deficient mice
show increased susceptibility to infection with the T helper 1 (Th1)-
inducing parasite T. gondii (7) and ovalbumin-induced bron-
choalveolar inflammation (8) because of a T-cell intrinsic defect
rather than an altered innate immune response, highlighting cell
type- and stimulus-dependent roles for TPL2 in the immune system.
Early studies identified the TPL2 gene as a target of provirus

insertion in Moloney Murine Leukemia Virus-induced T-cell lym-
phomas and Mouse Mammary Tumor Virus-induced mammary
adenocarcinomas, yielding a truncated, C terminus-deleted product
with transforming capacity (9, 10). Because the overexpression of
WT TPL2 did not exert similar oncogenic effects in vivo, it has
been proposed that TPL2 is a proto-oncogene activated by C-
terminal truncation (10). Nevertheless, activating mutations in
TPL2 have not been described in humans (11). Although ele-
vated levels of TPL2 have been reported in certain tumor types,
a detailed comparative evaluation of TPL2 expression in human
malignancy and normal tissue is missing, and its physiological
role in carcinogenesis remains enigmatic. Interestingly, the
overexpression of TPL2 in melanoma cells carrying oncogenic
B-RAF (Rapidly Accelerated Fibrosarcoma) has recently been
associated with resistance to the RAF kinase inhibitor PLX4720
because of TPL2-mediated ERK pathway reactivation (12). In

contrast, a genome-wide RNAi screen has shown that TPL2 is
required for TRAIL (TNF-related apoptosis-inducing ligand)-
induced apoptosis in human breast cancer cells (13). Additionally,
mice lacking TPL2 rapidly develop T-cell lymphomas under
conditions of chronic T-cell stimulation (14). Therefore, TPL2
may impact oncogenic events, including the cellular response to
therapy in a tissue type- and stimulus-dependent manner.
Lung cancer is a leading cause of cancer-related deaths, re-

flecting the need for a better understanding of the mechanisms that
underlie the development of pulmonary carcinomas (15). In this
paper, we show that TPL2 fulfills a role as negative regulator of lung
carcinogenesis and describe genetic and epigenetic aberrations that
lead to loss of TPL2 in a human malignancy. An important func-
tional interaction between TPL2, cJun N-terminal kinase (JNK),
and p53 affecting apoptosis is revealed, providing a telling example
of how tumor cells exploit alternative pathways that lower intrinsic
barriers to malignant transformation and tumor growth.

Results
TPL2 Levels Are Reduced in Human Lung Tumors and Associate with
Poor Patient Survival. The expression of TPL2 in human lung
cancer and its relevance to this type of malignancy remain un-
explored. We determined TPL2 mRNA levels by quantitative
PCR (qPCR) in 100 nonsmall cell lung carcinomas (NSCLCs)
and adjacent nontumoral tissue (Table S1) and observed down-
regulation of TPL2 expression in the tumor (Fig. 1A). When this
analysis was repeated separately for the two major lung can-
cer histologies, squamous cell carcinoma (SqCCL; n = 63) and
adenocarcinoma (AdenoCa; n = 37), we found that the down-
regulation of TPL2 did not significantly differ between these
groups (Fig. S1A) (χ2 test, P = 0.556).
Investigating the clinical relevance of TPL2 mRNA levels in

human lung carcinomas, we found no association with TNM
(Tumor, lymph Nodes, Metastasis) or differentiation status, age,
sex, and smoking history (Table S1). However, low TPL2 ex-
pression correlated with reduced patient survival both in the
overall NSCLC cohort (log rank test; P = 0.009) (Fig. 1B) and
after adjustment for histology (Fig. S1B). In line with this pre-
diction was the inverse correlation between TPL2 mRNA
levels and Ki67 proliferation index (Fig. 1C), indicating that
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reduced levels of TPL2 expression are associated with a more
aggressive tumor phenotype.
Lower expression of TPL2 was confirmed in protein lysates from

representative primary lung tumor specimens vs. nonmalignant
tissue from the same patients (Fig. 1D). To verify that this re-
duction reflects changes in the tumor cells, we analyzed TPL2 by
immunohistochemistry in 20 representative NSCLC specimens
containing malignant and nonmalignant epithelium in the same
section. The results showed that nontumoral lung epithelial cells
display maximal immunostaining compared with adjacent malig-
nant cells (Fig. 1E), thus confirming our RT-qPCR data. Col-
lectively, these observations suggest that the down-regulation of
TPL2 may represent a broader phenomenon in NSCLC, which
impacts on patient survival and merits additional investigation
and validation in larger clinical studies.

TPL2 Deficiency Enhances Susceptibility to Experimental Lung Carcino-
genesis. The aforementioned findings prompted us to experimen-
tally evaluate the functional significance of TPL2 down-regulation
in lung cancer. Chemical carcinogens have been extensively used
to model multistage human lung carcinogenesis in the mouse
(reviewed in refs. 16 and 17). Among them, urethane is a com-
monly used carcinogen, which reproducibly causes lung tumors in
mice with histological and molecular features similar to human
lung AdenoCa (18–21). These aberrations include mutational
activation of K-ras (Kirsten rat sarcoma viral oncogene homolog)

in a proportion of carcinogen-induced tumors and inactivation of
tumor suppressor genes such as p53, reminiscent of the partial
(approximately 20%) incidence of K-ras mutations and frequent
(>75%) loss of p53 function in human lung cancer (17). Currently,
there are no mouse models for SqCCL (16, 17), precluding ex-
perimental analysis of the role of TPL2 in this lung tumor type.
We, thus, examined the relative susceptibility of TPL2−/− vs.

TPL2+/+ mice to develop lung AdenoCas after exposure to ure-
thane. At 4 mo posttreatment, all TPL2−/− mice were found to
already harbor multiple lung adenomas, whereas only hyperpla-
sia, without atypia, had developed inWT animals (Fig. 2A andB).
Ki67 staining was increased in hyperplastic lesions from TPL2−/−

compared with TPL2+/+ mice (Fig. 2 E and F). At 6 mo after
urethane administration, lungs from TPL2−/− animals (or hetero-
zygous TPL2+/− mice) contained significantly higher numbers of
AdenoCas compared with TPL2+/+ mice (Fig. 2 A, B, and D).
The tumors developed in TPL2−/− mice showed loss of normal
alveolar architecture, increased nuclear/cytoplasmic ratio, cyto-
logic atypia, and invasion into adjacent bronchioles. At 12 mo, the
effect of TPL2 deficiency was macroscopically evident by the
dramatic difference in both the number and size of lung tumors
developed in these animals (Fig. 2C), indicating that TPL2 not
only influences the carcinogenic process at an early stage but
could also exert negative effects during tumor growth. In line with
this observation and the findings in human tissue (Fig. 1C), lung
tumor cells isolated from urethane-treated TPL2+/+ mice express

Fig. 1. TPL2 levels are reduced in primary human lung carcinomas and correlate with poor patient survival. (A) Comparison of TPL2 mRNA expression in the 100
available pairs of NSCLCs (T) and adjacent nonmalignant (N) lung tissues by qPCR. Results were normalized to the housekeeping β-actin gene and are expressed as RQ
values using the IMR-90humanfibroblast cell line as calibrator. Stars and circles in the box plot indicate outliers. (B) Kaplan–Meier survival plot showing the cumulative
survival of lung cancer patients who displayedmore than twofold reduction in TPL2mRNA levels in T compared with N and patients with less than twofold reduction
in expression levels. Patients with low TPL2 expression have median survival of 16.2 mo (95% confidence interval = 11.8–20.6) compared with patients with less than
twofold reduction, who have median survival of 28.8 mo (95% confidence interval = 18.4–39.2, P = 0.009; log rank test). (C) Inverse correlation between TPL2mRNA
levels and Ki67 expression in cancer subset of NSCLC samples within this study (n = 35) for which Ki67 data were available (r coefficient and P values obtained from
Spearman correlation). (D) TPL2 protein levels are reduced in T compared with N. TPL2 is expressed as two isoforms (noted with arrows) generated by the use of
alternative translation start sites atmethionines 1 and 30. (E) Representative immunohistochemical analysis showing amarked down-regulation of TPL2 expression in
malignant cells (arrowheads) compared with nonmalignant epithelium (arrows). (Final magnification: 400×; objective lens: 40×/0.65; scale bars: 200 μm.)
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reduced levels of TPL2 compared with normal bronchial epi-
thelium (Fig. S2A), and the knockdown of TPL2 in H1299 human
lung carcinoma cells (Fig. S2B) increased their anchorage-
independent growth in vitro (Fig. S2C).
We have recently reported that TPL2 ablation enhances in-

flammation induced by the Apcmin mutation, resulting in dra-
matic increase in polyposis (22). Theoretically, an exaggerated
inflammatory response caused by urethane administration in
TPL2−/− mice could be responsible for their increased suscepti-
bility to lung tumorigenesis. We, thus, analyzed immune cell
content in lungs and spleens from TPL2−/− and TPL2+/+ mice at
2 and 10 wk after urethane treatment (that is, during the early
stages of adenoma development). By using flow cytometric anal-
ysis of CD3+, CD4+, and CD8+ T cells and their activation status
(CD69+), macrophages, Gr1+/CD11b+ myeloid-derived suppres-
sor cells, natural killer, and natural killer T cells in the spleens of
TPL2−/− and TPL2+/+ mice exposed to urethane or histological
assessment of H&E-stained lung tissue sections, we did not de-
tect statistically significant differences between strains (Fig. S3).
Additionally, urethane did not elevate the expression of soluble
mediators of inflammation, such as TNF and IL-6, in blood se-
rum (measured by ELISA) and lung tissue (measured by qPCR)
above background levels during this time course. Collectively, al-
though we cannot exclude the possibility that TPL2 may also
function in the immune system to enhance chemical-induced
carcinogenesis, our data do not indicate an association between
TPL2 status and heightened systemic or local inflammation at early
stages of urethane-induced lung carcinogenesis, thus suggesting

that TPL2 functions predominantly in lung epithelial cells to neg-
atively regulate malignant transformation.

Genetic and Epigenetically Controlled Mechanisms Account for TPL2
Down-Regulation in Human Lung Cancer. The aforementioned clini-
cal (Fig. 1 and Fig. S1) and experimental (Fig. 2) data warranted
additional investigations into the molecular mechanisms that ac-
count for the reduced TPL2 expression in human lung cancer.
We first examined the frequency of loss of heterozygosity (LOH)

at the TPL2 locus (chromosome 10p, nucleotides 30722866–
30750761). We used fluorescent microsatellite analysis at four
positions on the TPL2 gene (two internal and two flanking) (Fig.
3A) to assess LOH in the available set of human primary lung
tumors. As shown in a representative analysis in Fig. 3B and
collective data in Fig. S4A, allelic imbalance at the TPL2 locus
was observed in a significant 52% of NSCLC. The frequency of
LOH at the TPL2 locus was similar between SqCCL and Ade-
noCa (Fig. S4 A and B) (P = 0.954). Cases with LOH displayed
lower TPL2 mRNA levels but at borderline significance (Mann–
Whitney test, P = 0.051) (Fig. 3C), indicating the contribution of
additional mechanisms affecting TPL2 expression in lung cancer.
We surmised that TPL2 could be subject to epigenetic silencing,

which was observed in certain lung tumor suppressor genes (23–
25). The presence of a putative CpG (CG dinucleotide) island
located at positions −973 to +981 relative to the TPL2 tran-
scription start site (Fig. 3A), indicated by in silico analysis (http://
cpgislands.usc.edu/), was in line with this notion. We performed
pyrosequencing methylation analysis (PMA) in our panel of 100

Fig. 2. TPL2 suppresses lung cancer growth in vivo. (A) H&E staining of lung tissue isolated from TPL2+/+ and TPL2−/− mice at 4 or 6 mo posttreatment with the
chemical carcinogen urethane. AAH, atypical adenomatous hyperplasia. (B) Summary of histopathology data of TPL2+/+ and TPL2−/− mouse lung sections
analyzed at 4 or 6 mo posttreatment with the chemical carcinogen urethane. Each cell denotes an experimental animal. Three independent experiments
using 15 TPL2+/+ and 18 TPL2−/− mice have been performed with similar results. TPL2−/− or TPL2+/+ mice administered saline (0.9% NaCl) did not develop
tumors up to the age of 14 mo. (C) Lungs of TPL2+/+ and TPL2−/− mice at 12 mo posttreatment with the chemical carcinogen urethane. Representative tumors
are shown by arrows. (D) Collective data of tumor formation in different TPL2 genotypes analyzed at 6 mo posttreatment with the chemical carcinogen
urethane. (E) Representative immunohistochemical analysis of Ki67 status in hyperplastic lung tissue from urethane-treated TPL2+/+ and TPL2−/− mice. The
arrows show Ki67-positive cells. (F) Collective data of Ki67 staining in normal and AAH from urethane-treated TPL2+/+ (n = 5) and TPL2−/− mice (n = 5).

E1472 | www.pnas.org/cgi/doi/10.1073/pnas.1215938110 Gkirtzimanaki et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1215938110/-/DCSupplemental/pnas.201215938SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1215938110/-/DCSupplemental/pnas.201215938SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1215938110/-/DCSupplemental/pnas.201215938SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1215938110/-/DCSupplemental/pnas.201215938SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1215938110/-/DCSupplemental/pnas.201215938SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1215938110/-/DCSupplemental/pnas.201215938SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1215938110/-/DCSupplemental/pnas.201215938SI.pdf?targetid=nameddest=SF4
http://cpgislands.usc.edu/
http://cpgislands.usc.edu/
www.pnas.org/cgi/doi/10.1073/pnas.1215938110


primary lung tumors and paired nontumoral tissue (Fig. S5).
Collectively, the results showed absence of TPL2 promoter
methylation in both malignant and nonmalignant lung tissue.
Previous work has shown that microRNA-370 (miR-370)

negatively regulates the expression of TPL2 in malignant chol-
angiocytes in vitro (26). In agreement with this report, we have
found that transfection of miR-370 in A549 lung cancer cells results
in a time-dependent reduction in TPL2 protein (Fig. 4A) and
mRNA levels, whereas an unrelated miR-328 had no effect. To
determine if this pathway could operate in vivo, we assessed miR-
370 expression by qPCR in the lung cancer set under evaluation.
This analysis showed that miR-370 levels are significantly elevated
in the malignant vs. nonmalignant lung tissue (Fig. 4B) and that
miR-370 up-regulation was independent of histology (Fig. S4C).
Because miR-370 is embedded in a CpG island and subject to

epigenetic control (26), we evaluated by PMA the methylation
status of this region in lung cancer (Fig. 4C). The results showed
a statistically significant reduction of miR-370methylation levels in
the tumor tissue (Fig. 4D). Moreover, this reduction closely cor-
related with the methylation status of the retrotransposable long
interspersed nuclear element-1 (LINE-1), a surrogate marker of
global methylation (27, 28), suggesting that miR-370 hypo-
methylation in NSCLC is most likely the result of global genome
hypomethylation (Fig. 4E).

Oncogenic RAS Mediates Down-Regulation of TPL2. Activating muta-
tions in ras genes have been recorded in 10–25% of lung tumors. A
recent study has shown that oncogenic RAS stimulates a TANK-
binding kinase 1 (TBK1)-dependent signaling pathway in vitro,
which leads to reduction in p105 NF-κB1 protein levels (29). NF-
κB1 physically interacts with and regulates the stability of TPL2,
which was highlighted by the fact that TPL2 is absent in mac-
rophages (30, 31) and lung tissue (Fig. S2A) from NFKB1−/−

mice. We, therefore, reasoned that, by modulating NF-κB1
levels, activated RAS may impact on TPL2 expression.
We have explored this association in A549 and H1299 human

lung carcinoma cells stably transfected with HA-tagged H-RASG12V

expression vector or infected with K-RASG12V
–expressing retro-

virus, respectively. Interestingly, the expression of either form of
oncogenic RAS mediated dramatic down-regulation of TPL2 con-
comitant to reduction in p105 NF-κB1 expression (Fig. 5 A and B).
Evaluation of the mutational status of K-ras codons 12 and 13

by direct sequencing in the lung cancer set used in our study
identified only 5 of 37 (13.5%) AdenoCas and 4 of 63 (6.3%)
squamous carcinomas to carry K-ras mutations (Fig. S6). Be-
cause the incidence of LOH in the TPL2 locus (Fig. 3) super-
sedes the frequency of ras mutations, we could not establish a
direct correlation between mutated RAS and expression of TPL2
in vivo. However, as shown in Fig. 5C, reduced levels of TPL2
were observed in lysates from mouse lungs expressing K-RASG12D

(32), suggesting that oncogenic RAS may contribute to the down-
regulation of TPL2 expression in vivo.

Down-Regulation of TPL2 Levels Impacts on Cell Survival and
Oncogenic Transformation Through Regulation of p53. The opera-
tion of multiple mechanisms (LOH, miR-370, and mutated RAS)
leading to down-regulation of TPL2 expression in vivo prompted
us to explore pathways that may link TPL2 to oncogenic trans-
formation. To this end, we transiently introduced a TPL2-expressing
vector in A549/H-RASG12V cell clones, which display strong
suppression of endogenous TPL2 (Fig. 5A), and observed de-
creased cell proliferation and elevated levels of apoptosis (Fig.
6A). TPL2-mediated cytotoxicity required caspase activation, be-
cause it was abolished by treatment with the pan-caspase in-
hibitor zVAD-fmk. Moreover, the proapoptotic effect of TPL2
on RASG12V-transfected cells correlated with increased p53 ac-
cumulation (Fig. 6B) and was alleviated by the RNAi-mediated
knockdown of p53 (Fig. 6A). These data suggest that TPL2 antag-
onizes oncogenic RAS in transformed cells, at least partly, by
modulating p53 activity and apoptosis induction.
TPL2 also counteracted the oncogenic effects of K-RASG12V

in nontransformed cells. Immortalized 208F fibroblasts were
transfected with K-RASG12V in the presence or absence of a TPL2
expression vector, and cell transformation was quantified by

Fig. 3. Allelic imbalance partly accounts for the down-regulation of TPL2 in human lung cancer. (A) Schematic representation of the TPL2 locus on human
chromosome 10 and relative positions of microsatellite repeats MS1, MS2, MS3, and MS4 used as markers for detection of LOH. Numbering refers to the TSS.
The position of a putative CpG island in the TPL2 promoter is also indicated. (B) Example of allelic imbalance/LOH in the TPL2 locus in a pair of tumor and
adjacent nonmalignant samples from a lung cancer patient. Electropherogram traces for the normal (N) and tumor (T) genotypes are shown, with the two
peaks representing the two alleles. The arrow depicts loss of allele. An allelic ratio cutoff level of 0.75 (25% reduction of one allele intensity) was used to score
LOH (52). (C) Expression of TPL2 mRNA, measured by qPCR, in relation to allelic imbalance (LOH) in the TPL2 locus.
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anchorage-independent growth in soft agar. As shown in Fig. 6C,
expression of TPL2 reduced the number of foci formed by ac-
tivated K-RAS by 60%, whereas a kinase-inactive TPL2 mutant
had no effect.
Genotoxic agents typically found in tobacco smoke and

chemicals used to model lung cancer in the mouse, such as ure-
thane, damage the respiratory epithelium, eventually leading to
malignant transformation. To determine if the observed link
between TPL2 and p53 applies to genotoxic insults in addition
to oncogenic stress, TPL2 was knocked down in A549 cells, and
cells were exposed to the DNA damaging agent cis-platin. The
knockdown of TPL2 attenuated p53 accumulation and increased

the survival of drug-treated cells (Fig. 6 D and E). Importantly,
the expression of two known p53-regulated genes, cdkn1a-
encoding p21 and bax, were attenuated in lungs from TPL2−/−

mice exposed to urethane, highlighting the in vivo relevance of
the TPL2–p53 link (Fig. 6F). Next, we examined the mechanism
by which TPL2 impacts on p53 levels.

TPL2 Regulates p53 Through a JNK–Nucleophosmin Signaling Pathway.
Nucleophosmin (NPM/B23) is a DNA damage-response gene (33)
that negatively regulates the interaction of p53 with HDM2 and
thus, controls p53 stability (34, 35). Our in silico analysis of the
NPM promoter (36) indicated the presence of multiple binding

Fig. 4. An epigenetic mechanism of regulation of TPL2 expression involving miR-370. (A) TPL2 protein levels are reduced in A549 lung cancer cells transfected
with miR-370. Results are representative of three independent experiments. (B) Expression of miR-370 (RQ value) was measured in 96 carcinoma specimens
and paired nonmalignant lung tissue by qPCR and showed significantly higher miR-370 levels in the tumor tissues (Wilcoxon test, P = 0.001). (C) Repre-
sentative pyrograms from PMA of the miR-370 locus in a lung tumor (T) and corresponding nonmalignant (N) adjacent tissue. Gray areas indicate the CpG sites
that were analyzed at positions −9, −18, −42, −48, −60, and −80 relative to the TSS of the premicroRNA sequence, which are schematically represented by
orange circles in Upper. The letters below each graph represent the dispensation order (E, enzyme mix; S, substrate; A, G, C, and T, nucleotides). Gray lanes
indicate the CpG sites that were analyzed, and the y axis depicts the light levels produced after the incorporation of each nucleotide. Percentages indicate the
extent of bisulfate conversion of C to T; unmethylated C should be fully converted to T. (D) The miR-370 locus is significantly (Wilcoxon test, P < 0.001)
hypomethylated in lung tumors (T) compared with adjacent nonmalignant tissue (N). The methylation index of the miR-370 locus was calculated from PMA of
96 carcinoma specimens and paired normal lung tissue and is depicted in histogram form as methylation index. (E) Correlation between the methylation
indexes of miR-370 and LINE-1 (r coefficient and P value obtained from Spearman correlation).
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sites of cJun/AP1, a transcription factor that is activated by the
JNK signaling pathway. Because TPL2 directly phosphorylates
MKK4/7 (the JNK kinases) (37, 38), we surmised that TPL2 may
influence the p53 response through JNK-mediated NPM transacti-
vation. Indeed, TPL2 knockdown attenuated both JNK phosphory-
lation and NPM up-regulation in cis-platin–treated cells (Fig. 6E).
Conversely, the overexpression of TPL2 in A549/H-RASG12V clones
stimulated JNK phosphorylation and led to increased NPM levels
concomitant to p53 stabilization (Fig. 6G).
To provide additional evidence supporting the association be-

tween JNK signaling and NPM transactivation, A549 cells were
exposed to the JNK inhibitor SP600125 before cis-platin treat-
ment. As shown in Fig. 6 H and I, inhibition of JNK activity
diminished the effect of cis-platin on NPM protein and mRNA
expression levels. Collectively, these observations identify TPL2
as a physiological regulator of p53 that operates through a JNK–
NPM signaling pathway.

Discussion
The substantial variability that typifies the genomes of malignant
cells within a tumor (39) has generated conceptual and practical
bottlenecks in defining key pathways affecting initiation and pro-
gression of malignancy. Molecules with a central role in carcino-
genesis are likely to be targeted by multiple deregulated pathways
and may have prognostic, predictive, and/or therapeutic value.
We, thus, reason that the operation of multiple genetic (LOH
and ras mutations) and epigenetic (miR-370) aberrations leading
to loss of TPL2 in human lung cancer of both major histological
types, SqCCL and AdenoCa, cannot be coincidental and points
to a previously unappreciated significant role for the TPL2 path-
way in this type of malignancy. This notion is corroborated by the
poor prognosis of lung cancer patients carrying reduced TPL2

tumor levels and the reverse association of TPL2 expression with
Ki67 index (Fig. 1 and Fig. S1). Additional evidence is provided
by the demonstration that TPL2-deficient mice display increased
susceptibility to chemically induced lung carcinogenesis (Fig. 2).
This finding, coupled with our recently published work showing
that TPL2 ablation enhances the oncogenic potential of the
Apcmin mutation in the gut (22), indicates that TPL2 may have
a broader role as a negative regulator of carcinogenesis. However,
whereas the enhancement of polyposis in Apcmin/+/TPL2−/− mice
was found to be partially (but not exclusively) hematopoietic cell-
driven, the in vitro and in vivo data presented in this paper suggest
that TPL2 also confers powerful effects on epithelial cells in re-
sponse to genotoxic and oncogenic insults. These observations are
in agreement with the mechanism of action of urethane, which
metabolizes to mutagenic mediators in Clara and type II alveolar
epithelial cells (the progenitors of lung adenomas) (16, 17), and the
finding that the accelerated early lesions observed in TPL2−/−mice
occur in the absence of heightened systemic or local inflammatory
response compared with WT animals (Fig. S3).
Human lung cancer is characterized by extensive alterations

of microRNA expression and allelic imbalance, which may in-
fluence cancer-related genes and thus, impact on patient survival
(23, 40). Known targets of LOH in lung cancer include tumor
suppressor genes, such as RASSF1A, p16, and p53 (15). Our data
show that the TPL2 gene locus is subject to LOH in a human
malignancy, resulting in reduced TPL2 expression (Fig. 3).
The molecular mechanisms accounting for the altered ex-

pression of microRNAs in lung cancer are unclear (23, 40). Our
finding that miR-370 is up-regulated in primary lung tumors and
closely associated with reduced TPL2 levels (Fig. 4) expands
our appreciation of the in vivo effects of microRNAs on gene
expression. Moreover, our data reveal a mechanism of in vivo
regulation of microRNA expression influenced by global DNA
hypomethylation. Aberrant methylation of CpG dinucleotides is
a commonly observed epigenetic modification in human malig-
nancies and includes both global genomic hypomethylation and
hypermethylation of gene promoter regions. The latter is often
associated with transcriptional silencing of tumor suppressors, such
as p16, FHIT (fragile histidine triad protein), APC (Adenomatous
polyposis coli), and DAPK (death-associated protein kinase), in
lung cancer (15). Despite the presence of a rich CpG island in
the TPL2 promoter, we found no evidence that it is differentially
methylated in tumor vs. normal lung tissue. However, we report
that TPL2 gene expression may indirectly be affected by global
genomic DNA hypomethylation through the epigenetic regula-
tion of miR-370. Indeed, a close association between miR-370 and
LINE-1 methylation indexes was noted in primary human lung
tumors (Fig. 4E). Hypomethylation of LINE-1 serves as a surrogate
marker of global methylation status (27), correlates with genomic
instability (28), and has been identified as an independent marker
of poor prognosis in early stage NSCLC (41). It is, thus, tempting to
speculate that the down-regulation of TPL2 caused by miR-370
hypomethylation may impact on the early stages of the disease
in humans, similar to the effects of TPL2 ablation on urethane-
induced lung cancer initiation in the mouse.
Clinical studies have shown that 10–25% of human AdenoCas

and∼7% of SqCCLs of the lung carry activating mutations in K-ras
(23, 42) and H-ras (43, 44) genes, which represent an early event in
lung carcinogenesis and mark poor prognosis. Experimental evi-
dence supporting the role of this gene in lung cancer comes from
transgenic mice expressing mutated K-ras, in which atypical ade-
nomatous hyperplasia and AdenoCa develop (16, 17). In these
models, high expression of oncogenic RAS promotes carcinogen-
esis through a signaling pathway that critically depends on c-RAF
(45) and NF-κB (21, 46). In vitro analyses based on RNAi screens
also point to NF-κB and the atypical IκB kinase family member
TBK1 as positive regulators of survival and tumorigenicity of
human lung cancer cells bearing mutated K-ras (29).

Fig. 5. Down-regulation of TPL2 levels by activated RAS associates with cell
survival and oncogenic transformation. (A) Stable transfection of oncogenic
ras leads to down-regulation of p105 NF-κB1 and TPL2 expression. Lysates
from parental (lane 1), control vector (vec) -transfected (lane 2), or three HA-
tagged H-RASG12V–transfected A549 (lanes 3–5) clones were immunoblotted
with antibodies against HA, NF-κB1, TPL2, or β-actin as indicated. (B) Ex-
pression of K-RASG12V in retrovirus-transduced H1299 lung cancer cells
results in reduced p105 NF-κB1 and TPL2 levels. CV, control virus. (C) TPL2
levels are reduced in mouse lungs expressing K-RASG12D.
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In contrast, WT RAS functions as an endogenous suppressor
of its mutated counterpart, and the oncogenic effects of activated
K-RAS largely depend on loss of a WT ras allele (19). Expres-
sion of WT ras and low K-ras oncogene copy number have also
been proposed to account for the observation that certain lung
cancer cell lines carrying mutated K-ras allele, including A549,
do not display dependency (addiction) on the endogenous K-ras
oncogene, inasmuch as their proliferation, survival, ERK phos-
phorylation, or PI3K activation status remain unaffected on RAS
knockdown (47). Data presented in this paper show that elevated

levels of oncogenic RAS mediate the down-regulation of TPL2
in vitro (Fig. 5 A and B) and in vivo (Fig. 5C) and that coex-
pression of these genes is incompatible for optimal tumor cell
survival and malignant transformation in vitro (Fig. 6 A and C).
These findings, thus, identify TPL2 as a physiological antagonist
of activated RAS in both transformed and nontransformed cells
(Fig. 7).
Which is the molecular pathway that orchestrates the tumor-

suppressive effects of TPL2? Our results show that, in response
to oncogenic or genotoxic stress, TPL2 participates in JNK-

Fig. 6. TPL2 antagonizes oncogenic RAS in transformed cells by modulating apoptosis induction in a p53-dependent manner. (A) Quantitative determination
of apoptosis in A549 and A549/H-RASG12V clone 2 cells was performed 24 h posttransfection with Myc epitope-tagged (MT) TPL2 in the presence or absence of
shRNA targeting p53 or the pan-caspase inhibitor zVAD-fmk (15 μM). Mean values (± SD) from three independent experiments are shown. (B) TPL2 expression
results in increased accumulation of p53 in A549/H-RASG12V cells. (C) TPL2 suppresses oncogenic RAS-mediated transformation. Immortalized 208F fibroblasts
were transfected with K-RASG12V in the presence or absence of TPL2 or a kinase-inactive TPL2 mutant (KD) and plated in soft agar, and the number of foci
formed 2 wk later was measured and presented in a histogram form. (D) Knockdown of TPL2 in A549 cells confers resistance to cis-platin–induced cytotoxicity.
Cells were transfected with TPL2 or luciferase-targeting siRNA and then treated with various concentrations of cis-platin for 48 h. Viability was determined by
using the MTT conversion assay. Data shown are the average of triplicates from a representative experiment. Three additional experiments were performed
with similar results. (E) Knockdown of TPL2 reduces the NPM and p53 induction and the extent of JNK phosphorylation in A549 cells treated with 25 μM cis-
platin. Results are representative of at least four independent experiments. (F) TPL2 impacts on p53 activity in vivo. To quantitatively assess p53 activation in
vivo, RNA was isolated from TPL2+/+ and TPL2−/− mouse lungs at 2 wk after urethane treatment and used to determine the levels of two established p53-
regulated genes, cdkn1a encoding p21 and bax by qPCR. The y axis represents the RQ values determined as described in Fig. 1A. (G) TPL2 expression results in
increased accumulation of p53 and NPM and elevated phosphorylation of JNK in A549/H-RASG12V cells. A549/H-RASG12V clone 2 cells transfected with MT-TPL2
or control vector (vec) were analyzed for the expression of TPL2, NPM, p53, phosphorylated JNK, and β-actin as indicated. (H) Treatment of A549 cells with the
JNK inhibitor (inh) SP600125 reduces the cis-platin–induced NPM up-regulation. (I) SP600125 (20 μM) inhibits the cis-platin–induced up-regulation of NPM
mRNA measured by qPCR.
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dependent up-regulation of NPM, thereby influencing p53 stabili-
zation (Fig. 7); p53 is a major factor in preventing transformation
and has a crucial role in tumor suppression, in part by regulating
apoptosis, a barrier to cancer (48). Molecular aberration leading
to loss of p53 function occurs in 50–70% of AdenoCas (23) and
nearly all SqCCLs (44). We show that low TPL2 levels lead to
diminished JNK and p53 responses, reduced cell death, and
accelerated malignant transformation (Fig. 6 and Fig. S1). In line
with these in vitro findings, the absence of TPL2 in mouse lungs
associates with diminished p53 responses to the mutagen ure-
thane, which were determined by the impaired up-regulation of
two p53 target genes, bax and cdkn1a (Fig. 6F). Collectively,
these data define TPL2 as a regulator of the p53 pathway and
provide a mechanistic explanation for the operation of multiple
pathways leading to down-regulation of TPL2 in human lung
cancer (Fig. 1). However, TPL2 may have a broader role in
dictating the balance between cell survival and death, thereby
influencing tumorigenicity and/or the response to therapy. Indeed,
an RNAi screen performed in breast cancer cells has shown that
reduced TPL2 expression associates with resistance to TRAIL-
induced apoptosis (13), a p53-independent process (49).
Our findings, coupled with a recent study describing a lung

tumor suppressor function for the JNK kinase MKK7 (mitogen-
activated protein kinase kinase 7) (32), expand our appreciation
of the impact of MAP3Ks in malignancy. Similar to TPL2, in-
hibition of MKK7 leads to reduced JNK activation and p53 re-
sponse in lung cancer cells (32), providing a telling example of
how tumor cells exploit MAPK pathways to lower intrinsic bar-
riers to malignant transformation.

Materials and Methods
Human Tissue. Frozen tissues from 124 NSCLCs (46 AdenoCas and 78 SqCCLs) as
well as 100 adjacent normal lung tissues were obtained from Liverpool Heart
and Chest Hospital. In 100 NSCLCs, matched normal tissue was available; 82
patients were males, and 44 patients were females. Specimens comprised the
following pathological stages: 8 T1, 103 T2, 9 T3, and 2 T4. Immunohisto-
chemical detection of TPL2 was performed as previously described (50).

DNA and RNA Isolation and cDNA Synthesis. DNA and total RNA extraction
from tissues was performed using the DNeasy and miRNeasy Kits (Qiagen),
respectively, following themanufacturer’s protocol; 20 × 40-μm frozen sections
from each patient sample were used. The first and last sections underwent
pathological review to ensure ≥80% tumor cell content, and 500 ng total
RNA were reverse-transcribed in a 20-μL reaction using the Quantitect Kit
(Qiagen) following the supplier’s protocol.

qPCR Expression Assays. TaqMan gene expression assays for human COT
[MAP3K8; ID Hs00178297_m1, FAM (6 - Carboxyfluorescein)-labeled] and
β-actin (ACTB; 4326315E) as endogenous control (VIC-labeled), mouse Cdkn1a,
(Mm04205640_g1), bax (Mm00432051_m1), and GAPD (glyceraldehyde-3-
phosphate dehydrogenase) assays were obtained from Applied Biosystems
and used on an Applied Biosystems 7500 FAST Real-Time PCR Instrument. For
microRNA analysis, the hsa-miR-370 (assay ID 2275) and RNU48 (assay ID 1006)
were used as target and endogenous control, respectively, following the
manufacturer’s protocol. All assays were run in triplicate, and the mean value
was used for the analysis. mRNA and microRNA levels were expressed as rel-
ative quantification (RQ) values, which were calculated as RQ = 2(−ΔΔCt), where
the expression of IMR-90 human lung fibroblasts was used as a calibrator in
each run.

DNA Methylation Analysis. Pyrosequencing assays were developed using the
Pyromark Assay Design 2.0 software (Qiagen) tomeasure the DNAmethylation
levels ofMAP3K8 promoter andmiR-370 region. One assay (TPLmeth1) covered
the transcription start site (TSS) and proximal promoter (CpGs at positions
−42, −40, −37, −16, −4, 1, and 5 relative to TSS). The second assay
(TPLmeth2) covered CpGs within the 5′ UTR (positions 27, 30, 38, 53, 55,
68, and 70 relative to TSS). The miR-370 methylation assay covered CpGs
at positions −9, −18, −42, −48, −60, and −80 relative to the TSS of the
premicroRNA sequence. The primer sequences used are provided in SI
Materials and Methods One microgram genomic DNA was treated with
sodium bisulphite (EZ DNA Methylation Kit; ZymoResearch) following the
manufacturer’s protocol. PCR amplifications were performed in a final vol-
ume of 25 μL using Qiagen HotStarTaq Master Mix, 150 nM biotinylated
primer, 300 nM nonbiotinylated primer, and ∼60 ng bisulphite treated ge-
nomic DNA. The thermal profile was 95 °C for 5 min followed by 40 cycles
of 94 °C for 30 s, 52 °C for 30 s, and 72 °C for 30 s. For Pyrosequencing
analysis, the PyroMark Gold Q96 SQA Reagents and the PyroMark Q96 ID
Instrument (Qiagen) were used following the supplier’s protocol. The
methylation index for each promoter was calculated as the mean value of
mC/(mC + C) for all examined CpGs in the target sequence (51).

Allelic Imbalance Analysis. Primers flanking the repeat regions MS1–4 were
designed (Fig. 3A), and their sequences are provided in SI Materials and
Methods. The thermal profile was 95 °C for 5 min followed by 25 cycles of
94 °C for 30 s, 52 °C for 30 s, and 72 °C for 30 s. Two microliters PCR reactions
were mixed with 10 μL formamide, denatured at 95 °C for 2 min, chilled on
ice, and analyzed on a 3130 capillary sequencer (Applied Biosystems). Gen-
emapper software was used to analyze the signal and quantify allelic peak
areas. Allelic imbalance was scored if the allelic ratio tumor/normal was
outside the region of 0.75–1.25 (52).

Mutational Analysis of Human K-ras. K-rasmutational analysis for the hot-spot
codons 12 and 13 was carried out by PCR and direct sequencing using pri-
mers described in SI Materials and Methods. Mutations were determined by
comparing each tumor with the K-ras codon 12/13 WT sequence (GGTGGC).

Cell Culture, Transfections, RNAi, and Apoptosis Assays. Lung cancer cell lines
(ATCC) were passaged for fewer than 6 mo after resuscitation and cultured
according to the provider’s instructions. Cells are authenticated by short
tandem repeat profiling analysis. Liposome-mediated transfections were
performed using lipofectamin (Invitrogen) in Optimem media (Invitrogen)
according to the instructions of the manufacturer. RASG12V expression vec-
tors were a gift from A. Malliri (Paterson Institute for Cancer Research,
Manchester, United Kingdom). The p53 shRNA vector was provided by
Reuven Agami (The Netherlands Cancer Institute, Amsterdam, The
Netherlands). TPL2 expression vectors have been previously described
(2). For the delivery of siRNAs and miR370, 5 × 104 A549 cells were plated
into each well of a 24-well plate (Costar), and two rounds of transfection
with siRNA duplexes were performed as previously described (4). The COT
siRNA (AM16708) and miR-370 (hsa-miR-370) were from Ambion (Applied
Biosystems). Cell survival was determined using fluorescence microscopy of
propidium iodide-stained cells and MTT (Dimethyl thiazolyl diphenyl tetra-
zolium salt) conversion assays as previously described (4).

Soft Agar Assay. Tissue culture dishes (60 mL) were layered with 3 mL 0.7%
(wt/vol) SeaPlaque LowMelting Point Agarose (FMC Bioproducts) dissolved in
serum-containing medium. Cells were then mixed with 1.6 mL 0.35% (wt/vol)
warm agar (42 °C) in serum-containing medium and plated on the solidified
agarose layer in triplicates. Fresh agar was added weekly, and cellular foci
were enumerated on day 17.

Fig. 7. Proposed model of the tumor-suppressive effects of TPL2 in the
lung. On the basis of the data presented in this paper, we propose that TPL2
suppresses lung carcinogenesis by contributing to p53 response to DNA damage
caused by genotoxic agents or oncogenic stress through JNK-dependent
NPM up-regulation. Genetic or epigenetic aberrations (LOH, overexpression
of miR-370, or oncogenic RAS signaling) may independently induce TPL2
down-regulation, leading to diminished JNK and p53 responses, reduced cell
death, and accelerated cell transformation.
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Antibodies and Immunoblotting. The following Abs were used for immuno-
blotting,whichwasperformedaspreviously described (4):COT/TPL2M20 (Santa
Cruz), IκBα L35A5 (Cell Signaling Technology), phospho-ERK M8159 (Sigma),
β-actin clone C4 (Millipore), NF-κB1 clone E381 (Novus Biologicals), and anti-p53
mAb 1801 (a gift from Moshe Oren; Weizmann Institute, Rehovot, Israel).

Mouse Maintenance, Carcinogenesis Protocol, and Histological Analyses. TPL2+/+

and TPL2−/− mice (C57/BL6 background) (1) were housed in plastic cages
containing hardwood bedding and dust covers in a High-Efficiency Particu-
late Air–filtered environmentally controlled room (24 °C, 12/12-h light/dark
cycle) and given Rodent Lab Chow and water ad libitum. For the induction of
lung tumors, a chemical carcinogenesis protocol based on urethane was
applied as previously described for C57/BL6 mice (53). Briefly, 7-wk-old mice
were injected i.p. with 1 mg freshly prepared urethane (Sigma-Aldrich) in
0.9% wt/vol NaCl per gram body weight one time per week for a total of 10
doses. Lungs were excised at various time points, fixed overnight in 10%
buffered formalin, and paraffin-embedded. Sections cut into 4-μm size were
prepared, placed on glass slides, stained with H&E, and reviewed by the
study pathologists (V.P., E.N.S., and V.G.) blindly and in consensus in case of
discrepancy more than 10%. The same procedure was followed for lung
inflammation grade evaluation. The histopathological classification of the
pulmonary lesions was performed in accordance with the recommendations
of the mouse models of the human cancers consortium (National Institutes
of Health/National Cancer Institute, 2004) (54). To estimate the growth
rate of tumors, the percentage of tumor cells expressing the proliferation
marker Ki67 was measured. A proliferation index was calculated for each tu-
mor lesion by counting the total number of tumor cell nuclear profiles and the
number of Ki67-positive nuclear profiles in randomly selected fields. Spleens
from euthanized animals at 2 or 10 wk after urethane administration were
processed for flow cytometry as previously described (4). Lysates from mouse
lungs expressing K-RASG12D (32) were provided by Josef Penninger, Austrian
Academy of Sciences, Vienna, Austria.

Mouse Splenocyte Isolation and FACS Analysis. Mouse splenic cells were iso-
lated as previously described (4) and stained with fluorescently labeled anti-
bodies (clones are indicated in parentheses) against CD3 (145-2C11), NK1.1
(PK136), CD4 (GK1.5), CD8α (53-6.7), CD69 (H1.2F3), F4/80 (BM8), CD11c (N418),
Gr1 (RB6-8C5), and CD11b (M1/70; purchased from eBioscience).

Statistical Analyses. The one-sample Smirnov–Kolmogorov test was used to
assess normal distribution in continuous variables (e.g., expression and meth-
ylation levels). In the absence of normal distribution, nonparametric tests
were used. The Mann–Whitney (independent) and Wilcoxon ranking (paired
comparisons) tests were used to determine significant differences in ex-
pression and methylation levels among groups. Pearson χ2 test was performed
to assess differences in categorical data groups, whereas Spearman correlation
assessed the relationship between continuous variables. Survival analysis was
undertaken by constructing Kaplan–Meier curves and using log-rank test.

Ethics Statement. Ethical approval has been obtained from the Liverpool
Ethics Committee for this study involving human tissue, and informed consent
was obtained from each individual. Animal experiments were approved by
the local ethics committee of the University of Crete Medical School, Greece
(license number 1406/14–03-2006) in line with the corresponding national
and European Union legislation.
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The activation of mitogen-activated protein kinases (MAPKs) is critically involved in
inflammatory and oncogenic events. Tumor progression locus 2 (Tpl2), also known as
COT and MAP3 kinase 8 (MAP3K8), is a serine-threonine kinase with an important
physiological role in tumor necrosis factor, interleukin-1, CD40, Toll-like receptor and G
protein-coupled receptor-mediated ERK MAPK signaling. Whilst the full characterization
of the biochemical events that lead to the activation of Tpl2 still represent a major
challenge, genetic and molecular evidence has highlighted interesting interactions with
the NF-jB network. Here, we provide an overview of the multifaceted functions of Tpl2
and the molecular mechanisms that govern its regulation.

� 2011 Elsevier Ireland Ltd. All rights reserved.
1. Introduction

Mitogen-activated protein kinases (MAPKs) are criti-
cally involved in the pathogenesis of a plethora of inflam-
matory and malignant diseases. There are three main
families of MAPKs in mammals, the extracellular signal
regulated kinases (ERKs), cJun N-terminal kinases (JNKs)
and p38 MAPKs which function upstream of numerous ki-
nases, transcription factors and other effector proteins and
are important regulators of immune, oncogenic and cell
death pathways. The highly conserved cascade that leads
to MAPK activation involves a dual specificity MAPK kinase
(MAP2K) that phosphorylates MAPK on Serine/Tyrosine
residues and a MAP3K that acts upstream of MAP2K and
phosphorylates it on Serine/Threonine residues. Activation
of the limited number of MAPKs is controlled by an abun-
and Ltd. All rights reserved.
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alaki et al., Tpl2 kinase sig
dance of MAP3Ks which provide the stimulus and cell con-
text specificity of signaling responses.

Tpl2 is a MAP3K with a major role in the activation of
the ERK MAPK through direct phosphorylation of MEK,
the ERK kinase. The Tpl2 gene locus encodes for two pro-
tein isoforms of 58 (Tpl2 long; Tpl2L) and 52 kDa (Tpl2
short; Tpl2S), generated by the utilization of alternative
translation start sites at methionine 1 and methionine
30. The encoded proteins contain a serine/threonine
kinase domain, an amino-terminal region with unknown
function and a carboxy-terminal tail which carries
sequences important for Tpl2 stability and regulation of
catalytic activity (Fig. 1). There is 94% similarity in the
amino-acid sequences of mouse and rat Tpl2 compared
to human, allowing for the establishment of reliable mod-
els to dissect the impact of this kinase on immune and
inflammatory responses and oncogenesis. Indeed, a pleth-
ora of recent studies reveal major roles for Tpl2 in inflam-
mation and cancer. Here, we review the pleiotropic
functions of Tpl2 and the molecular mechanisms involved
in its regulation.
nal transduction in inflammation and cancer, Cancer Lett. (2011),
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Fig. 1. Schematic representation of the Tpl2 primary structure. Tpl2 is expressed as 2 isoforms generated by the utilization of alternative translation start
sites, methionine 1 and methionine 30. The C-terminus carries a reported ‘degron’ sequence (aa 435–457) that targets Tpl2 for proteasomal degradation.
NF-jB1 binds to and masks ‘degron’ thus stabilizing Tpl2. C-terminal truncations that occur as a result of provirus insertion in MoMuLV – induced T-cell
lymphomas and MMTV – induced mammary adenocarcinomas in rats (black arrowhead, aa 424) also remove the ‘degron’ sequence, increasing the stability
of Tpl2. NF-jB1 also binds to the kinase domain of Tpl2 preventing access to MEK, the ERK kinase. The red arrowheads represent Tpl2 mutations that were
identified through our data mining of the Sanger Institute Catalogue of Somatic Mutations in Cancer (COSMIC) database (http://www.sanger.ac.uk/genetics/
CGP/cosmic/) and include an Ala387 ? Thr mutation found in one case of 31 astrocytomas studied and a Pro461 ? Leu mutation found in three cases of 30
breast tumors analysed. Phosphorylation sites identified through mass spectrometry [11,73] and molecular analyses [61,62] are also shown.
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2. The function of Tpl2 in inflammation and cancer

2.1. Tpl2 in innate immune responses

Innate immune responses, orchestrated by macro-
phages, dendritic cells, natural killer cells and neutrophils,
represent the first line of defense against infections. Crucial
to this process is the detection of pathogen-associated
molecules by Toll-like receptors (TLRs), such as the recog-
nition of the bacterial cell wall component lipopolysaccha-
ride (LPS) by TLR4. In a seminal paper published in Cell in
2000, the team of Philip Tsichlis at Thomas Jefferson Uni-
versity (Philadelphia, USA) provided the first genetic evi-
dence linking Tpl2 to innate immunity. They showed that
macrophage responses to LPS, such as production of the
pro-inflammatory cytokine TNF, are largely attenuated in
Tpl2�/� macrophages because of a defect in ERK activation.
As a result, Tpl2-deficient mice are resistant to endotoxin
shock caused by administration of LPS/D-galactosamine
which is largely provoked by over-production of TNF [1].
These observations sparked a tremendous interest in the
role of Tpl2 in inflammation with emphasis on the Tpl2 -
macrophage link (Table 1).

Indeed, additional macrophage responses were soon
found to be influenced by Tpl2. Thus, production of the
pro-inflammatory mediator prostaglandin E2 (PGE2) and
its regulatory enzyme COX-2 are attenuated in LPS-stimu-
lated Tpl2–/– cells [2] and in human monocytes treated with
Tpl2 kinase inhibitors [3]. The Tpl2-mediated COX-2 trans-
activation signals depend on ERK which stimulates the
Msk1 kinase [2]. Msk1 in turn phosphorylates CREB, a
key regulator of COX-2 transcription (Fig. 2). A transcrip-
tional mechanism has also been inferred in a study show-
ing that Tpl2 deficiency results in reduced production of
the pro-inflammatory Th17 promoting cytokine IL-23 in
LPS-stimulated macrophages [4] and of IL-1b following
stimulation of macrophages and DC with LPS or the TLR9
ligand CpG [5]. In contrast, Tpl2 regulates TNF synthesis
by post-transcriptional mechanisms involving control of
nucleo-cytoplasmic transport of the TNF mRNA [1] and
processing of pre-TNF to the secreted form of the cytokine
through the ERK-mediated phosphorylation of the TNF-
converting enzyme TACE on Thr735 [6]. The importance of
Tpl2 in the post-translational control of TNF synthesis is
Please cite this article in press as: M. Vougioukalaki et al., Tpl2 kinase si
doi:10.1016/j.canlet.2011.02.004
further highlighted by studies in a mutant mouse strain
called Sluggish which carries a partially deleted Tpl2 kinase
domain. Macrophages from these mice display defects in
maturation of pre-TNF in response to LPS [7]. Therefore,
Tpl2 may control macrophage gene expression to TLR li-
gands at transcriptional or post-transcriptional level.

Activation of the Tpl2/MEK/ERK pathway in macro-
phages not only regulates the production of cytokines but
also the cellular response to TNF, IL-1b and CD154, the
CD40 ligand [8–11], suggesting that Tpl2 may have a
broader role in inflammatory signal transduction in innate
immune cells and could be exploited as anti-inflammatory
drug target. Along these lines, several pharmaceutical com-
panies including Wyeth/Pfizer and Abbott are developing
small-molecule Tpl2 inhibitors with some of them show-
ing relative specificity in vitro and anti-inflammatory effi-
cacy in vivo [3,12].

However, recent studies raise questions about the gen-
erality of this concept. Thus, infection of Tpl2-/- macro-
phages with Listeria monocytogenes, an intracellular
Gram-positive bacterium, leads to weakened TNF and IL-
1b production but greater sensitivity to the bacteria-
provoked pathology [5]. TLRs also respond to pathogen-
derived products by stimulating the production of the
pro-inflammatory effector molecules IL-12 and inter-
feron-b. Intriguingly, Tpl2 deficiency was found to result
in over-production of both cytokines in response to TLR4
and TLR9 agonists in macrophages and myeloid dendritic
cells. Several mechanisms have been proposed to explain
this effect, including defective activation of the transcrip-
tion factors cMAF, GAP12 and c-Fos which negatively reg-
ulate IL-12p40 expression [13,14]. Additionally, TLR4 or
TLR9 activation in Tpl2-/- macrophages or myeloid den-
dritic cells leads to reduced synthesis of IL-10 which
functions to suppress inflammation [14].

What is the molecular basis of the diverse and often
contradictory effects of Tpl2 on innate immune cell
function? Whilst the molecular pathways involved in
Tpl2-dependent cytokine regulation remain to be fully
delineated, ERK MAPK appears to be a major physiological
target of Tpl2 signaling. Reduced ERK activation could
positively or negatively impact on gene expression with
the final outcome influenced by additional signals in a cell
type-dependent manner. It is thus of interest that whereas
gnal transduction in inflammation and cancer, Cancer Lett. (2011),
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Table 1
Effects of Tpl2 ablation on experimentally-induced inflammation and cancer.

Disease Mouse model Phenotype Reference

Septic Shock LPS/D-gal induced septic shock Resistance [1]
Reduced levels of serum TNFa and IL-1b

Pathogen
infection

Listeria monocytogenes infection Enhanced susceptibility [5]

Toxoplasma gondii infection Enhanced susceptibility; Normal serum levels of TNFa; increased IL-12 serum
levels

[17]

Asthma- like OVA-induced brochoalveolar
inflammation

More severe eosinophilic inflammation [18]
Higher levels of IgE production
T-cell intrinsic Th2 polarization defect

Inflammatory
bowel disease

TNF-driven Crohn’s like IBD (Tnf
DARE/+)

Delayed IBD onset and attenuated progression [20]
Increased CD4+CD44lo, reduced CD8+CD44hi T cells in the spleen.

Severe acute
pancreatitis

Caerulein-induced pancreatitis; Markedly reduced pancreatic and lung inflammation [22]

Bile salt-induced pancreatitis Reduced expression of IL-6, MIP-2 and MCP-1 by non-myeloid cells; Reduced
neutrophil sequestration in pancreas

Periodontitis Mechanically induced
periodontal inflammation

Reduced inflammation [21]
Significant reduction in TNFa and RANKL expression in periodontal tissue

T- cell lymphoma TCR2Ctg/tg transgenic mouse T-cell lymphomas in TCR2Ctg/tg � Tpl2�/� mice [44]
Enhanced T cell proliferation; Decreased CTLA4 expression in CD8+ T cells

Skin cancer Two stage DMBA/TPA induced
skin carcinogenesis

Increased incidence of skin tumor formation and progression; Increased
keratinocyte proliferation and neutrophil infiltration

[45]
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ablation of Tpl2 has no apparent effect on LPS-triggered NF-
jB signaling in bone marrow-derived macrophages [1,2], it
associates with accelerated NF-jB activation in dendritic
cells [5]. Moreover, Tpl2-/- fibroblasts do not only display
defects in TNF-induced ERK signaling but also partial
impairment in NF-jB transcriptional activity and JNK acti-
vation [9]. Furthermore, Tpl2 is required for the optimal
induction of p38 MAPK in LPS or CpG-stimulated bone
marrow-derived dendritic cells but not macrophages
[9,14].

Other microenvironmental signals may also impinge on
the Tpl2 response to pro-inflammatory factors. For exam-
ple adiponectin, a product of adipose tissue and most
abundant hormone in the plasma, requires Tpl2 to induce
the expression of IRAK-M in macrophages. IRAK-M is an
inactive isoform of the IL-1R-associated kinase (IRAK) fam-
ily of kinases that competes with active IRAKs in TLR4 sig-
naling. Thus, adiponectin may inhibit LPS-mediated
macrophage activation and production of pro-inflamma-
tory cytokines through the Tpl2-mediated expression of
IRAK-M [15].
2.2. The role of Tpl2 in adaptive immunity

The role of Tpl2 in adaptive immune responses is only
recently beginning to emerge. Tpl2 is expressed in B lym-
phocytes and various T cell subsets [1,8,16] with Th1 cells
expressing higher levels than Th2 [17]. The latter observa-
tion may in part explain the stronger defect in ERK activa-
tion seen in Tpl2-/- Th1 compared to Th2 cells when
challenged with anti-CD3, indicating that T cell receptor
(TCR) signaling depends heavily on Tpl2 in Th1 but not in
Th2 cells [18]. As a result, anti-CD3 stimulated Tpl2-/- T cell
cultures produce lower levels of the Th1 cytokine IFNc and
higher levels of the Th2 cytokine IL-4 than Tpl2+/+ controls,
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suggesting that Tpl2 may favor a Th1 immune response.
Indeed, in a mouse model of ovalbumin-induced broncho-
alveolar inflammation, Tpl2 ablation leads to Th2 polariza-
tion of the T cell response with concomitant increase in IgE
levels [18]. This is in agreement with recent data showing
that the defense of Tpl2 knockout mice to the intracellular
pathogen Toxoplama gondii is impaired because of defec-
tive Th1 responses [17].

The function of Tpl2 in B lymphocytes is less well de-
fined. The activation of the CD40 receptor on the surface
of Tpl2-/- B cells results in defective ERK signaling which
may partly influence immunoglobulin isotype switching
[8]. Moreover, the ERK defect associates with failure to
phosphorylate and inactivate the pro-apoptotic protein
Bim, leading to enhanced sensitivity to LPS-mediated B cell
apoptosis [19].
2.3. Tpl2 in acute and chronic inflammatory disorders

The role of Tpl2 in inflammatory disorders has been
studied in mouse disease models (Table 1). The overall pic-
ture that emerges from these studies is that Tpl2 has pre-
dominantly a pro-inflammatory function. Thus, in a TNF-
driven Crohn’s-like inflammatory bowel disease (IBD)
mouse model, the absence of Tpl2 ameliorates the onset
and progression of the disease by maintaining low num-
bers of memory CD4+ and peripheral CD8 + lymphocytes
[20]. Tpl2-/- mice produce reduced levels of TNF, COX-2
and IL-1 in a mechanically-induced model of murine peri-
odontitis [21] and low amounts of neutrophil chemo-
attractant chemokines MIP-2, MCP-1 and IL-6 in an acute
pancreatitis mouse model [22]. As a result, both patholo-
gies are ameliorated in the absence of Tpl2. Interestingly,
bone marrow chimeras revealed that pancreatic inflamma-
tion is controlled by Tpl2 expressed in non-myeloid cells,
nal transduction in inflammation and cancer, Cancer Lett. (2011),
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Fig. 2. Schematic representation of known components of the signaling cascade that lead to Tpl2 activation downstream of Toll-like receptors (TLRs) and its
functional outcome. At steady state, Tpl2 associates with p105 NF-jB1 and ABIN2 and is inactive towards its main downstream substrate MEK, the ERK
kinase. Molecules associated with group of pathogens termed PAMPs (pathogen-associated molecular patterns) are recognized by TLRs, stimulating
intracellular signal transduction. The PAMP-induced activation of IjB kinase b (IKKb) mediates the phosphorylation of p105 NF-jB1 and its subsequent
poly-ubiquitination (Ub) and proteasomal degradation, releasing Tpl2 from the complex. Tpl2 is phosphorylated at Thr290 and Ser400 by as yet unknown
kinase(s) (labeled as X in the figure) or through autophosphorylation at Ser62 while in complex with NF-jB1 (see also Figure 1A). The Thr290

phosphorylation is required for its release from p105 NF-jB1. Once liberated from the complex, Tpl2 is active towards MEK but unstable and undergoes
proteolysis by the proteasome thus restricting the duration of MEK activation. MEK in turn phosphorylates ERK resulting in activation of various
transcription factors that may negatively or positively influence transcription of pro-inflammatory genes. ERK also mediates the phosphorylation of other
kinases, such as Msk1 which contributes to the activation of the transcription factors RelA (p65 NF-jB) and CREB by phosphorylating them at Ser276 and
Ser133, respectively. In addition, ERK is responsible for the post-transcriptional regulation of TNF synthesis. Other pro-inflammatory cytokines, such as TNF
and IL-1b activate Tpl2 also through the aforementioned IKKb controlled NF-jB1 regulatory pathway.
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suggesting that Tpl2 may operate in different tissues to
regulate the inflammatory response [22]. Furthermore, in
a mechanically-induced ischaemia–reperfusion injury
model, Tpl2-/- tubular epithelial cells were more resistant
to apoptosis indicating a role for Tpl2 in the determination
of cellular death/survival ratio in an inflammatory micro-
environment [23].

Further testimony to the pro-inflammatory role of Tpl2/
Cot comes from studies of the atheroprotective apolipopro-
tein E (apoE). During inflammation, expression of apoE in
macrophages is reduced leading to enhanced atheroma-
tous plaque development. One of the molecular pathways
involved in this outcome consists of the Tpl2-MEK-ERK
cascade which transcriptionally represses apoE [24]. As
atherogenesis is considered to entail both a lipid disorder
and an inflammatory process, further studies will be re-
quired to define the physiological in vivo role of Tpl2 in
atherosclerosis. In vitro studies also implicate Tpl2 in cyto-
kine signaling in adipocytes, raising the possibility that it
may contribute to adipose tissue dysfunction characteristic
of obesity and diabetes [25].
Please cite this article in press as: M. Vougioukalaki et al., Tpl2 kinase si
doi:10.1016/j.canlet.2011.02.004
However, in certain disease models Tpl2 deficiency
exacerbates the inflammatory response. Thus, in a mouse
model of ovalbumin-induced bronchoalveolar inflamma-
tion, Tpl2 ablation leads to increase in IgE levels and severe
asthma-like phenotype because of the Th2 polarization of
the T cell response [18]. Therefore, the outcome of Tpl2
deficiency may depend on the specific type of immune re-
sponse involved. Given that Tpl2 ablation results in re-
duced production of the pro-inflammatory Th17 cytokine
IL-23 in LPS-stimulated macrophages [4], it would be of
interest to explore the role of Tpl2 in autoimmune diseases
such as rheumatoid arthritis and systemic lupus erythema-
tosus where Th17 cells play an important regulatory role.

2.4. The function of Tpl2 in cancer

Early studies identified the Tpl2 gene as target of provi-
rus insertion in MoMuLV – induced T-cell lymphomas and
MMTV – induced mammary adenocarcinomas [26,27]. In
both cases, a C-terminus deletion occurred as a conse-
quence of the provirus insertion in its last intron (Fig. 1).
gnal transduction in inflammation and cancer, Cancer Lett. (2011),
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A similarly altered Tpl2 was described in a screen for trans-
forming genes from a human thyroid carcinoma cell line
[28]. Further studies showed that over-expression of trun-
cated, C-terminus-deleted Tpl2 (Tpl2DC) associates with
lymphomagenesis in mice [29] and cell cycle entry of T
cells in vitro [30,31]. As the over-expression of wild-type
Tpl2 did not exert similar oncogenic effects in vivo, it was
proposed that Tpl2 is a proto-oncogene activated by C-ter-
minal truncation [29].

Nevertheless, mutations in Tpl2 are rarely observed in
humans [32,33]. Our inspection of the Sanger Institute Cat-
alogue of Somatic Mutations in Cancer (COSMIC) database
(www.sanger.ac.uk/genetics/CGP/cosmic/) identified only
4 mutations among 489 tumor samples analysed (Fig. 1).
Whilst elevated levels of Tpl2 have been reported in hu-
man gastric/colon adenocarcinomas [34], large granular T
cell neoplasias [35], breast cancer [36,37] and Epstein–Barr
virus (EBV)-related nasopharyngeal carcinoma and Hodg-
kin’s disease [38], a detailed evaluation of Tpl2 expression
and function in human malignancy and normal tissue is
still missing and the physiological role of Tpl2 in carcino-
genesis remains enigmatic. Our inspection of transcrip-
tome profiles registered in the Oncomine database
(http://www.oncomine.org) reveals that Tpl2 (MAP3K8)
mRNA levels are elevated in some and reduced in other
cancer types (Table 2). Elevated Tpl2 expression and cata-
lytic activity has been recently implicated in androgen
depletion-independent prostate growth by constitutively
engaging the MEK/ERK and NF-jB pathways [39]. In con-
trast, human melanomas carrying activating B-Raf muta-
tions express reduced levels of Tpl2 [40]. Interestingly,
the over-expression of Tpl2 as a result of copy number
gains in melanoma cells carrying mutated B-Raf, associates
with resistance to the Raf kinase inhibitor PLX4720 [40].
An RNA interference screening approach also identified
Tpl2 as a regulator of apoptosis but showed that Tpl2 asso-
ciates with sensitivity to TRAIL-induced cell death as the
knock-down of Tpl2 decreased caspase-3 activation in hu-
man breast cancer cells [41]. Therefore, Tpl2 may impact
on oncogenic events including the cellular response to
therapy and immune control of cancer growth.
Table 2
Inspection of transcriptome profiles registered in the Oncomine
(MAP3K8) expression is differentially expressed in certain mal

Cancer type Sampl
tumor

Classic meduloblastoma 46/4
Clear cell renal cell carcinoma 26/5
Gastric intestinal type adenocarcinoma 26/31
Testicular seminoma 16/20
Hereditary clear cell renal cell carcinoma 32/11
Hepatocellular carcinoma 101/7
Glioblastoma 84/3
Burkitt’s lymphoma 127/5
Chronic lymphocytic leukemia 34/58
Lung adenocarcinoma 86/10
T-cell acute lymphoblastic leukemia 11/6
B-cell acute lymphoblastic leukemia 87/6
Acute myeloid leukemia 23/6
Lung adenocarcinoma 31/31
Superficial bladder cancer 28/48
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Tpl2 has also been studied in the context of virus-re-
lated malignancies. Thus, Tpl2 is activated by the viral
product Tax in HTLV-provoked T-cell lymphomas [42]
and by the oncogenic latent membrane protein-1 (LMP-1)
of EBV [38] and functions as positive regulator of murine
gammaherpesvirus 68 (MHV-68) lytic gene expression
and replication [43].

Whereas the aforementioned studies indicate that Tpl2
may have a positive role in tumor growth, in some cases
Tpl2 may function as tumor suppressor. Thus, Tpl2�/� mice
bred onto an MHC Class I-restricted T-cell antigen receptor
(TCR) transgenic background develop hyper responsive-
ness of CD8+ T lymphocytes and T-cell lymphomas be-
cause of defective induction of CTLA4, a negative
regulator of T cell responses [44]. Furthermore, Tpl2�/�

mice display increased incidence of skin tumors in a two-
stage skin carcinogenesis model, which correlates with in-
creased inflammation [45].

3. Tpl2-mediated signal transduction

3.1. Tpl2 is a potent kinase with broad range substrate
specificity

Early studies aiming to define the biological role of Tpl2
revealed its wide range of substrate specificity. When over-
expressed, Tpl2 as well as the oncogenic Tpl2DC mutant are
able to engage a plethora of signaling pathways and to act
in concert with other kinases and signaling molecules to
influence cell survival and proliferation. The predominant
pathway that is activated by ectopic expression of Tpl2 is
the one leading to activation of ERK1 and ERK2 with MEK
being its direct substrate [29,46]. However, Tpl2 can also
stimulate the activation of JNK and to a lesser extent
p38c and ERK5 by directly phosphorylating their upstream
kinases MKK4, MKK6 and MEK5, respectively [29,46] [47].

Tpl2 over-expression also triggers the activation of the
transcription factors NFAT and NF-jB, potentiating TCR –
mediated transcriptional responses. Thus, Tpl2 can lead
to phosphorylation of NFATp through MEK, PKCf and
calcineurin-dependent mechanisms [31,48,49]. Moreover,
database (http://www.oncomine.org) indicates that Tpl2
ignancies compared to normal tissue.

e no.
/normal

Fold
change

Reference of
transcriptome
profile data

3.733 [74]
3.08 [75]
2.435 [76]
2.247 [77]
1.977 [78]

4 1.572 [79]
�7.807 [80]

8 �6.335 [81]
�2.949
�3.723 [82]
�3.152 [83]
�2.942
�1.947
�3.038 [84]
�2.449 [85]
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ectopically expressed Tpl2 was found in a higher order
complex containing NF-jB inducing kinase (NIK) and IjB
kinase-a (IKKa) and proposed to directly activate NIK in
T cells, leading to NF-jB activation [50].

Tpl2 has recently been implicated in the regulation of
the transcription factors c-Fos and p53. Specifically, DNA
damage induced by UVB has been reported to stimulate
Tpl2 phosphorylation and activation causing its transloca-
tion to the nucleus. Nuclear Tpl2 phosphorylates histone
H3 at Ser10 and induces c-fos transcriptional activation
[51]. In cells stimulated with EGF, overexpressed Tpl2
mediates the interaction between Protein Phosphatase 2A
and p53, thereby inhibiting the phosphorylation of p53 at
Ser15 which is important for its stabilization and tran-
scriptional activity [52]. These signaling properties are
consistent with the functional role of Tpl2 in promoting
cell proliferation and transformation. Whether these
observations are of physiological relevance and the over-
expression of Tpl2 observed in certain tumor types (see Ta-
ble 2) suffices to activate these signaling pathways remains
to be determined. This possibility is however supported by
the reported link between naturally occurring high levels
of Tpl2 expression and ERK phosphorylation in melanoma
cell lines [52].

In comparison to wild-type Tpl2, expression of Tpl2DC
associates with elevated catalytic activity and signaling
capacity [29]. At least 3 mechanisms have been proposed
to explain this phenomenon. First, the C-terminus deletion
removes the intermolecular interaction between the C-ter-
minal tail and the kinase domain of Tpl2, thus increasing
its catalytic activity [29]. Second, the truncated protein
lacks an amino-acid sequence (‘degron’; aa 435–457) that
targets wild-type Tpl2 for proteasomal degradation [53].
Finally, the C – terminus of Tpl2 is important for the effi-
cient interaction with other proteins that regulate its sta-
bility and kinase activity. To date, such a regulatory role
has been ascribed to p50 NF-jB precursor NF-jB1/p105,
which functions to sequester Tpl2 from its substrates
[54,55] (see below).

3.2. The physiological role of Tpl2 kinase in signal transduction

The phenotypic consequences of Tpl2 ablation under
acute or chronic inflammatory conditions have revealed
an important physiological role for Tpl2 in ERK signaling
downstream of a plethora of receptors involved in innate
and adaptive immunity including TLRs, TNFR1, CD40 and
the IL-1 receptor [1,8,9,11,19]. In addition to ERK, Tpl2
has been shown to contribute to JNK activation in TNF-
stimulated MEFs by acting upstream of MKK4 kinase and
to be required for NF-jB transactivation by mediating the
Msk1 dependent phosphorylation of the RelA (p65) NF-
jB subunit at Ser276 [9].

Tpl2 is activated upon triggering of Receptor Activator
of Nuclear jB (RANK) in macrophages, contributing to
ERK-mediated c-Fos and NFATc1 expression that stimulate
RANKL- induced osteoclastogenesis [56]. Furthermore,
proteinase-activated receptor 1 (PAR1) activates Tpl2
which engages a Rac1 and focal adhesion kinase (FAK)-
dependent pathway to transduce ERK and JNK1 activation
signals and to promote cell migration [57]. The intriguing
Please cite this article in press as: M. Vougioukalaki et al., Tpl2 kinase si
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finding that Tpl2 is activated upon PAR1 stimulation by
proteinases produced by tumor cells raises the possibility
that it may act downstream of other G-protein coupled
receptors and broadens the reach of biological phenomena
under Tpl2 control.

3.3. Regulation of Tpl2 activity through interaction with p105
NF-jB1 and ABIN2

Many aspects of Tpl2 signaling remain enigmatic. A ma-
jor breakthrough in understanding the mechanism of Tpl2
regulation came from studies implicating the p50 precursor
protein NF-jB1/p105 in Tpl2 stability [54,55]. In steady
state conditions and irrespective of the cell type, the entire
pool of Tpl2 associates with p105 [58]. NF-jB1 binds to and
masks the degron sequence of Tpl2 preventing its proteaso-
mal degradation. In the absence of this interaction, Tpl2
expression is thus attenuated. NF-jB1 also binds to the
kinase domain of Tpl2 preventing access to MEK, the ERK
kinase [54,55]. Indeed, in nfkb1-/- macrophages Tpl2 levels
and TLR4 signaling to ERK, as well as CREB phosphorylation
and COX-2 expression are diminished [54], similar to
Tpl2-/- macrophages [2]. Therefore, NF-jB1-associated
Tpl2 is stable but unable to phosphorylate MEK (Fig. 2).

The steps leading to Tpl2 activation have mostly been
studied in the context of TLR4 signaling. An important as-
pect of Tpl2 activation is its interplay with upstream com-
ponents of the NF-jB pathway, such as the IjB kinase b
(IKKb, also known as IKK2). Small molecule inhibitors
and genetic studies in IKKb-null fibroblasts have demon-
strated that IKK activity is required for the activation of
the Tpl2-ERK axis. This has been attributed to the IKKb-
mediated phosphorylation of p105 NF-jB1 at Ser927 and
Ser932 which flags p105 for Lys48-mediated poly-ubiquiti-
nation and proteasomal degradation. The stimulus-
induced NF-jB1 proteolysis thus liberates Tpl2 from the
p105 complex [59,60] (Fig. 2). The released Tpl2 is active
towards MEK1 but unstable and is targeted for protea-
some-mediated degradation, thus restricting prolonged
activation of ERK signaling [54,61].

In addition to MEK, p105 NF-jB1 appears to be recipi-
ent of Tpl2 signals. Early studies demonstrated that over-
expressed Tpl2 induces p105 proteolysis [58]. More
recently, mutations in the Tpl2 catalytic loop which influ-
ence its p105 binding affinity were found to affect the rate
of LPS-induced p105 degradation [61]. Indeed, Tpl2 in
complex with p105 is catalytically active [61,62] and bio-
chemical evidence suggests that it phosphorylates p105
NF-jB1 at a region distinct from that containing IKK phos-
phorylation sites [63]. The biological significance of this
modification is still unclear but it is hypothesized that
NF-jB1 may exert its inhibitory function on Tpl2 by also
serving as competitive substrate [63]. These observations
also raise the possibility that Tpl2 may phosphorylate
additional substrates when complexed with NF-jB1. Iden-
tifying such Tpl2 targets is likely to broaden our under-
standing of Tpl2 function.

The Tpl2-p105 complex also associates with ABIN2
(A20 binding inhibitor of NFjB-2), an A20-interacting pro-
tein [64]. Studies in tnip2-/- (ABIN-2 null) mice showed that
ABIN2 is important for stabilizing Tpl2 thereby influencing
gnal transduction in inflammation and cancer, Cancer Lett. (2011),
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ERK signals downstream of TLRs and cytokine receptors in
hemopoietic cells [65]. Intriguingly, unlike nfkb1-/- cells
where both ABIN2 and Tpl2 are absent, p105 NF-jB1 pro-
tein levels are normal in ABIN2 null mice [64]. The small
amount of Tpl2 present in tnip2-/- cells can still be activated
by LPS suggesting that ABIN2 is not however required for
activation of Tpl2.

3.4. Regulation of Tpl2 activity through phosphorylation

Despite its essential role, IKKb activation is per se insuf-
ficient to induce Tpl2 activity. As discussed above, the Tpl2
activation signals are stimulus and cell context specific. In
contrast, a large number of pro-inflammatory stimuli or
Pathogen-Associated Molecular Patterns (PAMP) activates
the IKK/NF-jB pathway. It is thus conceivable that stimu-
lation of the Tpl2 - ERK pathway requires engagement of
additional signaling components. Several lines of biochem-
ical evidence also support the requirement of multiple
events that coordinate Tpl2 activation. For example, TNF-
induced Tpl2 activation requires RIP1 and TRAF2 [9,66],
adaptor molecules that link TNF receptor 1 to downstream
signaling. However, despite the obligatory role of RIP1 ki-
nase activity in TNF-induced ERK activation, it is dispens-
able for IKK/NF-jB signal transduction [67,68]. Moreover,
whereas the over-expression of TRAF2 induces NF-jB sig-
naling it does not suffice for Tpl2 and ERK activation [66].

Which additional signals are required to activate Tpl2 ?
Similar to other MAP3 kinases, Tpl2 is subject to phosphor-
ylation. Following LPS or IL-1 stimulation, Tpl2 is phos-
phorylated at Thr290, Ser400 and Ser62 [11,62,69].
Phosphorylation at Thr290 and Ser400 are stimulus-induced
and are necessary although not sufficient for Tpl2 activa-
tion, as evidenced by the fact that expression of phosp-
homimetic mutants T290D and S400E only partially
restores LPS- induced ERK activation in Tpl2-/- macro-
phages [62,69]. It is therefore likely that coordination of
these phosphorylation events, mediated by as yet un-
known kinase(s), is necessary for full activation of Tpl2.

Both Thr290 and Ser400 phosphorylations take place
prior to the dissociation of the catalytic subunit from NF-
jB1/ABIN2. The phosphorylation at Thr290 is required for
its release from p105 NF-jB1 and has been proposed to
be mediated by IKKb-dependent signals by some [69] but
not other investigators [11]. Moreover, it has been sug-
gested that Thr290 is autophosphorylated following LPS or
IL-1 stimulation [6,70]. The way by which Ser400 phosphor-
ylation contributes to kinase activation is still unclear. As
this residue is within the C-terminus of Tpl2, its phosphor-
ylation is proposed to induce a conformational change
which releases the inhibitory intermolecular interaction
between the C-terminal tail and the kinase domain of
Tpl2 [62] (Fig. 1). Ser62 becomes autophosphorylated fol-
lowing IL-1 stimulation and has been suggested to contrib-
ute to maximal Tpl2 activation [11].

4. Concluding remarks

Tpl2 is a MAP3 kinase at the crossroad of various pro-
inflammatory and oncogenic signals. Whilst the mecha-
nism of its activation is still unclear, an interesting inter-
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play with positive (IKKb) and negative (p105) regulators
of the NF-jB pathway emerges which may explain some
of the stimulus and cell-specific effects of Tpl2 ablation. It
also generates important questions that are relevant to
and bridge the NF-jB and MAPK research fields. With
hindsight, it would be important to define the relative con-
tribution of the Tpl2 – MEK – ERK axis to the pleiotropic
phenotypic consequences of IKKb ablation in inflammation
and cancer [71] and to compare the functional outcomes of
Tpl2 vesrus nf-jb1 deficiency.

The identity of the kinases that mediate Tpl2 phosphor-
ylation remains unknown and is an area of intense investi-
gations. A src-like tyrosine kinase activity has been
implicated in IL-1 [72] but not TNF-induced Tpl2 activation
[66], suggesting the utilization of different kinases up-
stream of Tpl2 in a receptor-dependent manner. The com-
plexity of Tpl2 kinase regulation is further highlighted by a
recent study showing that the extracellular nutrient argi-
nine positively regulates the LPS-mediated phosphoryla-
tion and activation of Tpl2 [70]. Identifying the
mechanism underlying this effect may provide clues about
the regulation of Tpl2.

The diverse and often contradictory in vivo effects
of Tpl2 on immune cell function and carcinogenesis
underscore the need to develop cell and tissue-specific
knock-out mice to precisely dissect the influence of Tpl2
on immune responses and clarify the potential of targeting
Tpl2 for the treatment of inflammatory diseases. Given the
impact of chronic inflammation on cancer initiation and
progression, it would also be of interest to establish the
influence of Tpl2 on malignancies associated with deregu-
lated immune function.
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