\ University of Crete .{?ﬁfla-Care 7
) FACULTY OF MEDICINE - o

htip://Inflacare. iImbb.forth.gr

PhD Thesis

Study of the role and regulation of Tpl2 /COT
(MAP3K8) in Ilung carcinogenesis: a proto-
oncogene with a tumor suppressive function.

Gkirtzimanaki P. Aikaterini

Laboratory of Molecular and Cell Biology
Post Graduate Program of ‘Molecular Biology and Biomedicine’
University of Crete School of Medicine & IMBB FORTH

Heraklion, 2012



Atdaktopkn dtatpLn

MeAétn tou poAou Kat thG pUOMong tng Tpl2/
COT (MAP3K8) otnv KapKLVOYEVECH TOU MVEUO-
Vo €vVal MTPWTO-0YKOYOViOLO0 LE OYKOKOTOOTOATL-
Kn dpaon.

MkipTQipavakn M. AikaTtepivn

EpyaoTtipio Mopiakig kai Kuttapikig BioAoyiag
MeTatmrTuyiaké Mpdypappa Mopiakig BioAoyiag kai Bioiatpikig
larpiki ZxoAn MavemioTnuiou Kptng & IMBB ITE

HpakAelo, 2012



PhD Thesis

Study of the role and regulation of Tpl2 /COT
(MAP3K8) in Ilung carcinogenesis: a proto-
oncogene with a tumor suppressive function.

Supervising Professor: Eliopoulos Aristides, PhD

Members of advisory committee:

Eliopoulos A., Associate Professor, Medical School - UoC
and IMBB member (Researcher A’).

Papadaki E., Full Professor, Medical School - UoC
Mamalaki K., Researcher A’, IMBB FORTH

Members of examination committee:

Chalepakis G., Full Professor, Biology Dpt. — UoC
Mavroudis D., Full Professor, Medical School — UoC
Tsatsanis C., Associate Professor, Medical School - UoC
Sourvinos G., Associate Professor, Medical School - UoC




Genotoxic Oncogenic
stress stress

p53-HDM2
inhibitory complex




Dedicated to my family....



Acknowledgments

This dissertation would not have been possible without the guidance
and the help of several individuals who contributed in the preparation
and completion of this study.

First and foremost, my utmost gratitude to Dr. Eliopoulos Aris, my su-
pervisor, whose guidance and encouragement untill the completion of
this research work | will never forget. | am indebted to you for giving me
the opportunity to work in your laboratory and have your support.
Thank you for the understanding and for the helpful suggestions.

| am also grateful to Dr. Liloglou Triantafyllos whose help was necessary
for the successful completion of this project. He offered me the oppor-
tunity to expand my knowledge on Genetics and provided me with eve-
rything | needed during my visit to Liverpool and the Lung Cancer Insti-
tute of UoL.

| would like to express the deepest appreciation to my Advisory Commit-
tee members Prof. Papadaki Eleni and Dr. Mamalaki Clio for their expert,
sincere and valuable guidance and encouragement extended to me.

| would also like to thank my colleagues Kalliopi, Marina, Sophia,
Dimitris, Maria, Aris and Dimitra. They make me realize the value of
working together as a team, especially in this working environment,
which challenges us every minute. Not to forget my friends Nikoletta,
Panos and Michalis for their support and friendship. | have great mo-
ments to remember!

A very special thanks to Marianna and Nikos M., as well as Nikos P., An-
na and Elena who were always next to me, with their love and support
guiding me in all aspects of life and for tolerating me.

| would further like to acknowledge several individuals for their assis-
tance and support throughout my Thesis: Dr. P. Tsichlis, Dr J.K. Field, Dr.
Gorgoulis, Dr. J.Penninger, Dr. M.Oren and Dr. A. Malliri as well as the
animal facility group members of IMBB.

Financial support to undertake my Ph.D. degree, of which this thesis is
an integral part, was provided by the European Commission research
program INFLA-CARE and by M.Manassaki’s Foundation.

These acknowledgments would not be complete without thanking my
family and in particular my parents Paschalis and Maria and my sister
Xanthi for their unconditional love and support and for teaching me the
most important;to fight for my dreams.






Table of Contents

1. ABSTRACT cutteuerenerenceranerencrencrescsenssrasernsessssssnsssnsssnsesassssnsenns 8
2. MEPIAHWH...eeeeeienirecrecrenereniernncrnserascsnscrasessssssnsssnsesnsenns 10
3. INTRODUCTION. . ctuuttuneruecrenserancrnncransssnssensssnsernsssassssnsssnsenns 12
3.1 The origins and general classification of cancer.....13
I U1 oY= o | o [ol= ] N 14
3.3 Cancer BiolOgY....cccecceeeeeeeeiiiciee e 19
3.4 The MAP Kinase Signal Transduction Pathway...... 29
3.5 TPI2/Cot (MAP3KS).....ooveeereerererereceeseeeeeereereeresvenns 36
4. OBJECTIVES.cuuiteireirenirencrencrnncrnncrensrenscsnsssnserssssnssssnsssnnenns 44
5. MATERIALS AND METHODS ...ccecttuiieniieniirnncrencinncienscennnes 45
6. RESULTS eteeieeereerenereneennerencrnnerescennscrnsesnsesssssassssnsesnsesnnes 57
7. DISCUSSION ..cueienernnerencrencrencrnneraserescsnscssssesssssnsesnsesssssnnes 87
8. ABBREVIATIONS...cucieeiieniireirencienitenerncranernserassssnsssnncsnnens 93
9. REFERENCES ..eetiieiieiiiiniiennieniiinciancieesiensssssssnscsnsssasssanns 94



1.Abstract

Cancer can be perceived as a disease of communication between and within cells.
The aberrations are pleiotropic, but mitogen-activated protein kinase (MAPK)
pathways feature prominently. Tpl2/COT is a serine-threonine MAPK kinase kinase
(MAP3K8) at the crossroad of various signal transduction pathways that control
fundamental cellular processes such as growth, proliferation, differentiation, mi-
gration and apoptosis. Despite early studies identifying Tpl2 as a proto-oncogene
activated by C-terminal truncation in mouse and rat, a detailed evaluation of its
expression and function in human malignancy is missing and the physiological role
of Tpl2/COT in carcinogenesis remains enigmatic.

One of the three major human tissues where Tpl2 is expressed at highest levels is
the lung. Lung cancer is the leading cause of cancer related death worldwide, re-
flecting the need for a better understanding of the mechanisms that underlie the
development of pulmonary carcinomas. The Ph.D. thesis presented here focuses
on the characterization of the role and of the mechanisms regulating the expres-
sion of Tpl2/COT" in lung tumor cells during the onset of lung cancer development
and through its progression.

In this regard, we were able to reveal an unprecedented role for Tpl2/COT as sup-
pressor of lung carcinogenesis. This conclusion was based on a number of novel
findings obtained through the extensive analysis of human tissue and of ex vivo
and in vivo experimental models. We showed that COT expression is significantly
reduced in human lung cancer compared to normal lung tissue providing the first
demonstration that COT can be differentially expressed in a human malignancy.
Importantly, the downregulation of COT is found to be of clinical relevance as it
correlates with a more aggressive tumor phenotype and with poor prognosis in pa-
tients with lung cancer.

Our data disclose 3 mechanisms responsible for COT downregulation in primary
human lung tumors: (i) allelic imbalance at the COT locus; (ii) global DNA

hypomethylation-associated upregulation of miR-370 which targets COT tran-

! The term “Tpl2” is used for the mouse gene and protein product whereas the term “COT” refers to
the human product.



scripts and (iii) activated Ras signaling affecting both COT transcription and protein
stability. The operation of multiple genetic and epigenetic aberrations leading to
loss of wild-type COT in primary lung tumors underlines a previously unappreciat-
ed broader role for this pathway in lung carcinogenesis. This is corroborated by our
experimental data showing that ablation of the Tpl2 gene in mice dramatically ac-
celerates the onset and multiplicity of urethane-induced lung tumorigenesis.

Additionally, we provide mechanistic evidence to suggest that Tpl2/COT antago-
nizes oncogene-induced cell transformation and survival through a pathway involv-
ing the tumor suppressor p53 downstream of JNK. In particular, our studies define
Tpl2/COT as a novel physiological antagonist of oncogenic Ras, thus also expanding
our understanding of signaling and function of this major human oncogene. An im-
portant functional interaction between Tpl2/COT, JNK and p53 which controls
apoptosis is revealed, providing a telling example of how tumor cells usurp alter-

native pathways that lower intrinsic barriers to malignant transformation.
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1. NepiAnyn

O Kkapkivog pmopei va OewpnBei wg acbévela otnv enkovwvia petall Kol oto
ECWTEPLKO TWV KUTTAPWV. OL SUCAELTOUPYIEG MOV TTPOKUTTOUV €ival MAELOTPOTTL-
KEG, AAAQ TOL LOVOTIATLA TWV KLVOGWV TTIOU EVEPYOTIOLOUVTAL and pitrtoyova (Mito-
gen Activated Protein Kinases) ¢aivetal va nailouv e§€xovta poAo otn Stadkacia
™G KapkKwvoyéveone. H Tpl2 sivaw pia MAP3 kwvdon cepivng/0peovivng oto otou-
PoSpOuL MOAAWV Kol SLUPOPETIKWV HOVOTIATIWY CNUATOS0TNONG TTou gAEyXOuV
NPWTEVOUCAG ONUACLOG KUTTAPLKEG SLEPYACLEG, OMWG N KUTTAPLKA avgnon, ToA-
AanmAaoclacpdg Siadopomnoinon, HETAVACTEUCN Kal anontwon. Napd TG apyLlKEG
nou oérjynoav otnv tautonoinon tng Tpl2 wg npwto-oykoyovidio mou evepyomnol-
elto peta ano KapBouTeALKN AMOKOM O TTOVTLKOUG Kal apoupaioug, pia Asnto-
HEPNG EKTiHNON TNG £KPpaong Kat TnG Aettoupyiag tng Tpl2/COT otnv avlpwrivn
KakorOswa Asinel akopn and t BBAoypadeia. O pucloloyikdg poAog tng Tpl2
OTNV KOPKLVOYEVEDH TLOLPOLUEVEL QLLVLYLOTLKOG.

‘Eva ano ta 3 Kuplotepa opyava onou epdavilovrat ano ta vPnAdtepa enineda
™¢ COT eivan ol mveloveG. O KOPKIVOG TWV MVEUMOVWYV Eival N ONUAVTIIKOTEPN
awtia OavAaTtou KapKLvormabwv MayKooUiwG, AVTOAVOKAWVTOG TV AESN AVAYKN yLol
KaAUTEPN KATOVONON TWV KNXOVLIOUWY TTOU SLEMOUV TNV aVANTUEN KOPKLVWHATWY
TOU avanveuotikoU. H Stdaktoptkr dtatpp mou nmapouoidletal edw £otalel
OTOV XOPOAKTNPLOKO TOU POAOU KOl TWV KNXOVIORWV Ttou gAEyxouv thv ékdpoaon
™G Tpl2/COT ota KAPKLVIKA KUTTOPO TOU VEUHMOVA, KATA TV £vapén Tng avarmtu-
€NG Tou KapKivou Tou mvelova KOwG Kol Kot Tt StapKela eEEMENG TOU.
Epguvwvtag und auto 1o npiopa, katadpEpape va anoKaAUPoupe Evav anpoodo-
Knto poAo yia tnv Tpl2/COT w¢ KATOOTOAED TNG KOPKLVOYEVEDSNG TOU TIVEUHOVA .
AuTO 10 cupmnépacpa BacilotnKe o€ Evav aplOo VEWV EVPNUATWY oTa omoia Ka-
TaAn§ape peTd ano evéeAexn avaluon avOpwrnivou Lotol Kol XpHon MELPANATO-
{wwv Kot ex vivo povtéAwv. Acsiape nwg n ékppaon tng COT €ival onUAVIKA
HELWHEVN OTOV KOPKIVO TOU MVEULOVA OTOV AVOPWIO GUYKPLTLKA ME Tov ¢pucLodo-
YWKO LOTO, MapEXOVTOG £TOL TRV MPWTN anddsién nwg n COT punopei va mapouoia-
oeL Stadopikn ékdppaon oe pia avOpwrivn KakonOsia. Avaloya onpavIiko nTav
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TO gUpNUA WG N Helwon tng COT £Xel KAWIKA MPOEKTAON KABWE CUOXETI{ETAL HE
TILo €MLOETIKO PALVOTUTIO TOU GYKOU KOl KKK TTPOYVWON oToug aoOeVeiG e Kapki-
VO TOU TtveUOVAL.

Ta de6opéva pag nepltkAeiovv 3 PNXavIoRoUG UTTELOUVOUG yLa TN HEIWON TNG K-
dpaong g COT o MPWTEVOVTIEG OYKOUG TOU MVEUHOVA oTov avOpwro: (i) aAAnAt-
KN aotdBela otov YeVETIKO Tomo tng COT (ii) unepékdpaon tou mir370 nmouv oto-
XeVEL ta petaypada tng COT peTd anod unopueOuAiwon Tou YEVETIKOU TOU TOMOU,
ota mAaiola TG YEVIKAG UTtOEOUALwONG IOV GUUBALVEL KATA TNV KOPKLVOYEVEDH
(iii) evepyomoinon onpatodotnong Ras mou snnpealel kot tnv petaypadn Kot tnv
NPWTEIVIKN otadepotnta tne Tpl2/COT.

H Onapén MoOAAAMAWY YEVETIKWY KO EMILYEVETIKWV OVWHOALWY TTOU 08nyouv o€
OMWAELA ) CUAVTLKY HEiwon TG aypiou TtOmou Tpl2 / COT o npwteloOVTEG GyKO-
UG OTOV MVEUHMOVA UTIOYPOMITEL EVaV €W TWPO 1N EKTLUNHEVO, EUPELAG CNUOAVTL-
KOTNTOG POAO QUTOU TOU HOVOTATLOU OTNV KOPKLVOYEVECH TOU MveUpova. Auto
gvioxVeTaL Kot ETBEPBALWVETAL KOL OO T TELPAHATIKA poG Sedopéva mou Seiy-
vouv ntwg N €AAewpn tou yovidiou ota melpapatolwa ENTAXUVEL SPAHATIKA TV
€vapén Kot TNV MoOAAAAOTNTA TG OYKOYEVECNG OTOV TIVEUOVA HETA Ao Xopryn-
on oupeOavng.

EmunpdoBeta, Mapouold{OUHE MNXOVIOTIKEG eVOELEELC MOV UTTOSEIKVUOUV TWG N
Tpl2/COT avtaywviletal TOV EMAYOLEVO QO OYKOYOVISLOL KUTTAPLKO METACKNLLO-
TIOMO Kot empiwon, HEOW €vOG Hovomatiol mou TePAAUBAVEL TNV OYKO-
KkataotaAtiki p53 kaBodika tng JNK. Mo cuykekpuéva, ol peAéteg opilouv thv
Tpl2/COT wg éva véo PuOLKO avtaywvioth TG oykoyovou Ras, Steupuvovtag a-
KOMN MEPLOGOTEPO TNV KATAVONON TNG AELTOUpyiag Kal TnG onpatodotnong evog
TO00 onUAvVIKOU avOpwrivou oykoyovidiou. Mia evliadépouvoa Asttoupyikn al-
AnAenidpaon petafy twv Tpl2/COT, JNK Kat p53 mou eA£yxXEL TRV AMONTIWON ATO-
KOAUTITETOL, TTOPEXOVTAG TAUTOXPOVA £VO EVOELKTIKO TAPASELYUA YL TO MWG Ta
KOPKLWVIKA KUTTOpo EKLETAAAEVOVTOL KOl KaBodnyoUv eVOAAQKTIKA LLOVOTIATLA YLO

Val LELWOOUV TOUG £uduTous GpaypoUs OTOV KAPKLVLKO HETAOXNHOTLONO.
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3.1 The origins and general classification of cancer

The term carcinos, the greek word for crayfish, was first introduced by Hippocrates
(460 - 370BC) because of "the veins stretched on all sides as the crab has its feet" (1).
The latin doctor Celsus (ca. 25BC — 50AD) later translated the greek word “carcinos”,
to todays latin word “cancer” (1). Today, the term cancer is commonly used to de-
scribe a disease were a group of cells is abnormally proliferating - forming a tumor -
and, over time, spread to distant parts of the body and form metastases.

In general, tumors are classified into benign and malignant categories. Benign tu-
mors are separated from surrounding tissue by a basal membrane, can only grow
locally restricted and lack the ability to spread into distant parts of the body. There-
fore, benign tumors can be retracted by surgery and have a favorable clinical out-
come. In stark contrast, due to lack of a basal lamina, malignant tumors grow more
aggressively, can spread to distant parts of the body and have a more severe clinical
outcome.

Malignant tumors are classified based on the specialized cell type they originate
from and the most predominant and clinically most relevant group of malignant tu-
mors are carcinomas. They account for 80% of cancer related deaths in the western
world (2) due to the fact that carcinomas can arise from epithelial tissue originating
from all three germ layers (ectoderm e.g., lung, mesoderm e.g., ovarian and endo-
derm e.g., liver).

The remaining cancer related deaths are caused by tumors arising from:

- connective tissues originating from the mesoderm (sarcomas), e.g. osteoblasts;

- blood forming tissues (hematopoietic system), e.g. leukemias and lymphomas; or

- components of the central and peripheral nervous system (neuroectodermal tu-
mors), e.g. gliomas and neuroblastomas.

Taken together, the disease “cancer” means the abnormal proliferation of cells that
subsequently form a tumor. Tumors are classified based on the presence of a basal

lamina and the organ and tissue where the primary tumor arises from (2).
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3.2 Lung cancer

Classification of lung cancer

Lung cancer is a disease of tumor formation in the lung, eventually followed by me-
tastasis into the body. It is the leading cause of cancer-related death worldwide.
More people die from lung cancer than from breast, colon and prostate cancer com-
bined (Cancer J. Clin 2011). In Greece, 7000 people die every year from lung cancer.
Histologicaly, lung cancer is separated in two major subtypes; non-small cell (NSCLC)
and small cell (SCLC) lung cancer. This classification was originally based on the size
of cells seen by microscopic examination and mitotic cell division rate.

SCLC typically arises from airway bronchioles and rapidly increases in size due to an
average tumor doubling time of 81 days (10, 11). SCLC tumors initially respond dra-
matically to chemotherapy and radiation treatment but almost all patients suffer
from a recurrence; a re-grown tumor being mostly resistant to the initial treatment
(11). Five-year overall survival rate for extensive SCLCs is below 5 % .

NSCLC is further divided into several subtypes, depending on the tissue of origin,
with adenocarcinomas and squamous-cell carcinomas being the most common sub-
types. Adenocarcinomas arise from epithelial cells, forming glandular tissue in the
periphery of the alveolar system. They account for approximately 40% (12) of all lung
cancer cases, whereas squamous-cell lung carcinomas arise from epithelial cells that
form a layer covering the main bronchus. They account for 30 to 35% of all lung can-
cer cases (12) and are almost invariably associated with smoking (13). Large-cell car-
cinoma is another histological subtype. In rare cases, these tumors present a neuro-
endocrine differentiation and are thus called large-cell neuroendocrine lung cancer.
Other tumors occurring in the lung include carcinoids, sarcomas and metastases
from tumors originating from other sites (e.g., colonic adeno-carcinomas).

Stage | The cancer is located only in the lungs and has not spread to any lymph
nodes.

Stage Il The cancer is in the lung and nearby lymph nodes.

Stage Ill Cancer is found in the lung and in the lymph nodes in the middle of the
chest, or there is a tumor in the lung plus fluid in the chest cavity. Stage Ill has two

subtypes: If the cancer has spread only to lymph nodes on the same side of the
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chest where the cancer started, it is called stage llIA. If the cancer has spread to the

lymph nodes on the opposite side of the chest or caused fluid to form in the chest, it

is called stage IlIB.

Stage IV This is the most advanced stage of lung cancer. This is when the cancer has

spread to another part of the body, such as the liver or other organs.

Lung cancer treatment

The identification of the exact tumor type from each patient is mandatory to choose

the optimal treatment strategy. Patients suffering from a SCLC tumor are initially

treated with chemotherapy and radiation of the affected area (12). As mentioned

above, these tumors inevitably recur after an initial response and lead to rapid death

of the patient. Patients with non-small cell lung tumors (stage | to llla) undergo sur-

gery, frequently in combination with chemotherapy (14) leading to a stage depend-

ent median overall survival of up to 80% for stage | and ~23% for stage llla patients

(Tablel). Most patients present with advanced stage lung cancer (lllb/1V) and cannot

undergo complete resection with a curative intention. For these patients palliative

chemotherapy is the only therapeutic option and the five-year survival rate is very

low (<5%)(12).

Table 1. Survival rate strongly correlates with stage at diagnosis (Schmoll 4th Edition,2005)

Stage 5 year survival rate with treatment
SCLC Non SCLC

Limited disease 10-15%

Extensive disease 5%

Stage la 75-80%

Stage Ib+lla 55-60%

Stage llb 35-45%

Stage llla ~25%

Stage Illb 5%

Stage IV <1%
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The Ras paradigm

Lung cancer is a heterogeneous disease both at clinical and molecular level, posing
conceptual and practical bottlenecks in defining key pathways affecting its initiation
and progression. Molecules with central role in lung carcinogenesis are likely to be
targeted by multiple deregulated pathways and may have prognostic, predictive
and/or therapeutic value. Recent advances in the understanding of the molecular
biology of lung adenocarcinomas have led to the identification of genomic altera-
tions with therapeutic implications. A representative example of such an alteration,
especially significant in lung cancer, implicates the gene K-ras (21). Activating muta-
tions of the Ras gene are found in one-quarter to one-half of human lung adenocar-
cinomas. Ras is a membrane-associated GTPase signaling protein that regulates pro-
liferation, differentiation, and cell survival (22). Missense mutations at codons 12,
13, and 61 result in decreased GTPase activity, which leads to constitutive signaling

(Figure 11).
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Figure 11: Signaling upstream of RAS. The activation state of RAS is controlled by the
cycle of hydrolysis of bound GTP, which is catalyzed by GTPase activating proteins
(GAPs), and the replacement of bound GDP with fresh GTP, which is catalyzed by
guanine nucleotide exchange factors (GEFs). The best-studied activation mechanism
involves the assembly of complexes of activated, autophosphorylated growth-factor
receptor tyrosine kinases with the GEF Sos through the adaptor protein Grb2, and
possibly Shc, resulting in the recruitment of Sos to the plasma membrane, where Ras
is located. Several other GEFs exist that have distinct regulatory mechanisms. In ad-
dition, a wide range of GAPs have now been identified for Ras, some of which are
also subject to regulation. Ras is also activated through GEFs in response to activa-

tion of a wide range of G-protein-coupled receptors.
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In tumors harboring Ras mutations, the activated Ras protein contributes significant-
ly to several aspects of the malignant phenotype, including the deregulation of tu-
mor-cell growth, programmed cell death and invasiveness, and the ability to induce
new blood-vessel formation (23). Kinase inhibitors that block either Raf or mitogen-
activated protein (MAP) kinase kinase MEK in the Raf/MAP kinase pathway down-
stream of Ras have been developed and show promise in early clinical trials. Howev-
er, their potential might be even greater, as many tumors that lack Ras mutations
have found other ways to activate the same pathways. Furthermore, clinical re-
sponses to single-agent targeted anticancer therapeutics are almost invariably fol-
lowed by relapse due to de novo or acquired drug resistance (23, 24, 25, 26). Identi-
fication of resistance mechanisms in a manner that elucidates alternative ‘druggable’

targets may inform effective long-term treatment strategies for lung cancer.
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Figure 12: Signaling downstream of Ras. Once in its active, GTP-bound state, Ras will
interact with several families of effector proteins, resulting in stimulation of their
catalytic activity. Raf protein kinases initiate the mitogen-activated protein (MAP)
kinase cascade, which leads to Erk activation. This kinase has numerous substrates
both in the cytoplasm and in the nucleus, including Ets family transcription factors
such as Elk1 which forms part of the serum response factor that regulates the ex-
pression of Fos; in addition, Erk phosphorylates c-Jun. This leads to activation of the
AP1 transcription factor, which is made up of Fos—Jun heterodimers. As a result of
stimulating these transcriptional regulators, key cell-cycle regulatory proteins, such
as D-type cyclins, are expressed, which enables the cell to progress through the G1
phase of the cell cycle. So, Ras activation can promote cell-cycle progression, at least

in conjunction with other signals.
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3.3 Cancer Biology

The development of a tumor

From a cell-biology point of view, the process of tumor development must include
several key steps in order to facilitate the malignant phenotype. A commonly ac-
cepted idea for a “skill set”- of distinctive and complementary capabilities that ena-
ble tumor growth and metastatic dissemination- that a tumor cell has to acquire,
was proposed by Douglas Hanahan and Bob Weinberg in the year 2000 and updated
in 2011, namely sustaining proliferative signaling, evading growth suppressors, re-
sisting cell death, enabling replicative immortality, inducing angiogenesis and activat-
ing invasion and metastasis.

These six hallmarks of cancer are defined as acquired functional capabilities that al-
low cancer cells to survive, proliferate, and disseminate; these functions are ac-
quired in different tumor types via distinct mechanisms and at various times during
the course of multistep tumorigenesis. Their acquisition is made possible by two en-
abling characteristics. Most prominent is the development of genomic instability in
cancer cells, which generates random mutations including chromosomal rearrange-
ments; among these are the rare genetic changes that can orchestrate hallmark ca-
pabilities. A second enabling characteristic involves the inflammatory state of
premalignant and frankly malignant lesions that is driven by cells of the immune sys-

tem, some of which serve to promote tumor progression through various means.
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Genomic Instability
During cellular transformation, the genome is affected by a multitude of alterations
ultimately leading to a fully transformed malignant tumor. Genomic alterations ac-
cumulate over the years and may also get accelerated by external mutagenic agents
(e.g., tobacco smoke (3,4)). Genetic instability refers to a set of events capable of
causing unscheduled alterations, either of a temporary or permanent nature, within
the genome. This term encompasses diverse genetic changes, which can be classified
in a variety of ways. For simplicity | will categorize them into two major groups, in-
stability occurring at the chromosomal level and at the nucleotide level.
Instability at the nucleotide level occurs due to faulty DNA repair pathways such as
base excision repair and nucleotide excision repair and includes instability of mi-
crosatellite repeat sequences (MSI) caused by defects in the mismatch repair path-
way.
The second form or chromosomal instability (CIN), defines the existence of acceler-
ated rate of chromosomal alterations, which result in gains or losses of whole chro-
mosomes as well as inversions, deletions, duplications and translocations of large
chromosomal segments. Aneuploidy, which refers to an abnormal karyotype is a
hallmark of many cancer cells and is thought to develop as a result of CIN. The ob-
servation that cancer cells harbour an abnormal number of chromosomes was made
almost a century ago (Boveri, 1914; von Hansemann, 1890) and since then we have
come a long way in understanding the causes behind this type of instability. To date
several pathways and processes have been implicated in CIN including :

a) pathways involved in telomere and centromere stability,

b) cell cycle checkpoint pathways and kinases,

c) pathways regulating diverse proteins via post-translational modifications,

d) sister chromatid cohesion and chromosome segregation, and

e) centrosome duplication.
When certain combinations of genomic alterations accumulate in the same cell,
transformation takes place and tumorigenic cell behavior occurs (2). Certain mutant
genotypes confer selective advantage on subclones of cells, enabling their outgrowth

and eventual dominance in a local tissue environment. Accordingly, multistep tumor
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progression can be portrayed as a succession of clonal expansions, each of which is
triggered by the chance acquisition of an enabling mutant genotype. The extraordi-
nary ability of genome maintenance systems to detect and resolve defects in the
DNA ensures that rates of spontaneous mutation are usually very low during each
cell generation. In the course of acquiring the roster of mutant genes needed to or-
chestrate tumorigenesis, cancer cells often increase the rates of mutation (28,29).
This mutability is achieved through increased sensitivity to mutagenic agents,
through a breakdown in one or several components of the genomic maintenance
machinery, or both. In addition, the accumulation of mutations can be accelerated
by compromising the surveillance systems that normally monitor genomic integrity
and force genetically damaged cells into either senescence or apoptosis (30, 31, 32).
The role of the p53 protein is central here, leading to its being called the “guardian

of the genome” (33).

Genome guarding-the p53 case

The process of tumorigenesis not only involves mutations that activate oncogenes; it
also requires several mutations that disrupt the activities of proteins that function to
suppress tumorigenesis (34). Among these is the paradigm tumor-suppressor protein
p53, maybe the more frequently mutated gene in human cancers. The p53 complex
is a key regulator of stress response in cells. It acts as a critical monitor preventing
survival of cells with irreparable genetic damage. Under normal conditions, p53 is
locked in an inactive state in the cytoplasm, tightly controlled by its negative regula-
tor Hdm2 and its levels are allowed to rise only during severe cellular stress. Stabili-
zation and activation of p53 translates into a cellular alert signal that can either assist
in recovery from the damage or provoke cell death by apoptosis. Loss of p53 results
in tolerance to aberrant cell signaling and DNA damage thereby fostering tumor de-

velopment.
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Figure 13: A negative regulatory feedback loop controls cellular levels of p53. In nor-
mal cells, p53-dependent transcription of MDM2 (HDM2) promotes p53 degrada-
tion. Cellular stress, such as oncogene activation, induces p14ARF, which sequesters
MDM?2. In addition, DNA damage and chemotherapeutic agents activate protein ki-
nases, such as ATM and ATR, which, through DNA-dependent protein kinase (DNA-
PK) and casein kinase Il (CKll), respectively, phosphorylate the amino terminus of p53
to prevent MDM2 binding, and the carboxyl terminus of p53 to increase sequence-
specific DNA binding. These events increase p53 levels and activate the transcription
of p53 target genes. p21 and 14-3-3 promote growth arrest at the G1 and G2 DNA-
damage checkpoints by inhibiting cyclin-dependent protein kinase (CDK) activity;
FAS, BAX and p53AIP promote apoptosis if repair is not possible; and GADD45 pro-

motes DNA repair.
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Epigenetic alterations in cancer

Some mitotically and meiotically heritable phenotypes of clonal expansions leading
to tumor development may well be triggered by non-mutational changes, affecting
the regulation of gene expression and not the primary DNA sequence itself (35, 36,
37). Epigenetic alterations may involve covalent modifications of amino acid residues
in the histones around which the DNA is wrapped, and changes in the methylation
status of cytosine bases (C) in the context of CpG dinucleotides within the DNA itself.
In humans, DNA methylation is typically found as a covalent modification at the fifth
carbon position of cytosine residues within CpG dinucleotides (38, 39, 40, 41, 42)
What is interesting is the existence of CpG-rich regions—“CpG islands”—that are as-
sociated with the 5"-end regulatory regions of almost all housekeeping genes as well
as with half of tissue-specific genes. When these promoter CpG islands are methyl-
ated, the associated genes tend to be transcriptionally inactive. Faithful propagation
of the methylation state of a CpG dinucleotide occurs directly after DNA replication
by an enzymatic methyl transfer reaction at cytosine residues in the unmethylated
nascent DNA strand across from methylated CpG dinucleotides. This activity, which
uses hemi-methylated CpG dinucleotides as a substrate, is referred to as mainte-
nance methylation activity. Loss of methylation can occur by the failure of mainte-
nance methylation, but acquisition of DNA methylation at a previously
nonmethylated CpG cannot be accomplished by maintenance methylation activity.
This requires a methylation activity that can recognize unmethylated CpG
dinucleotides and is referred to as de novo methylation activity. Aberrant DNA
methylation patterns have been associated with a large number of human malignan-
cies and found in two distinct forms: hypermethylation and hypomethylation com-
pared to normal tissue. Hypermethylation typically occurs at CpG islands in the pro-
moter region and is associated with gene inactivation. Global hypomethylation has
also been implicated in the development and progression of cancer through differ-
ent mechanisms mainly leading to silencing abolishment in previously
eterochromatinic genetic loci.

The other critical epigenetic marks are chemical modifications of the N-terminal tails

of histone proteins. Histones, once considered mere DNA-packaging proteins, regu-
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late the underlying DNA sequences through complex post-translational modifications
such as lysine acetylation, arginine and lysine methylation, or serine phosphoryla-
tion. It has been proposed that distinct combinations of modifications presented on

histone tails form a “histone code” that regulates gene activity.

Micro-RNAs and their role in cancer

MicroRNAs (miRNAs) are small, often phylogenetically conserved, non—protein-
coding RNAs that mediate posttranscriptional gene repression by inhibiting protein
translation or by destabilizing target transcripts. miRNAs recognize target sites, most
commonly found in the 3'-untranslated regions (UTRs) of cognate mRNAs, through
imperfect base-pairing, with 1 or more mismatches in sequence complementarity.
miRNAs are believed to fine-regulate a diverse array of biological processes, and a
convergence of genetic, biochemical, and structural studies has led to rapid growth
in understanding of their synthesis and molecular mechanisms (150). miRNAs are
initially expressed as part of one arm of an imperfect ~80-nt RNA hairpin that, in
turn, forms part of a longer transcript termed a primary miRNA (pri-miRNA) (151).
The first step in miRNA biogenesis is the excision of the upper part of this RNA hair-
pin by the nuclear RNase Il enzyme Drosha to produce an ~65-nt intermediate,
termed a pre-miRNA (152, 153). Pre-miRNAs, which form short RNA hairpins bearing
a 2-nt 3overhang, are then bound by the nuclear export factor Exportin 5, which
transports them to the cytoplasm (154, 155, 156). Here, a second RNase Il enzyme
termed Dicer removes the terminal loop of the pre-miRNA to generate an ~20-bp
RNA duplex with 2-nt 3’ overhangs (151, 157, 158). The mature miRNA, which forms
one strand of this duplex, is then incorporated into a large protein complex, termed
the RNA induced silencing complex (RISC), where it functions to guide RISC to com-
plementary mRNA targets (159, 160, 161). Through the seed region (nt 2 to 8), the
miR can then bind to the 3’UTR of target mRNA sequences, preventing protein trans-
lation, leading to mRNA degradation. More recently, miRs have also been described
to target 5’UTR, and even coding regions of transcripts (59) (Figure 14).

The current miRDatabase (http://www.mirbase.org) has catalogued more than 1,300

human sequences. Given their ability to target mRNA with imperfect complementari-
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ty, and predicted to regulate the expression of approximately one-third of all human
transcripts (60), miRs are considered to be among the largest class of gene regulators
(61, 62). Multiple mechanisms can mediate miR dysregulations in human cancers,
including chromosomal gains or losses (63), mutations of miR located loci (64), or
epigenetic aberrations (64). Any misstep in miR biogenesis (Figure 14) can also affect
miR expression (65, 66), exemplified by the down-regulation of Drosha and Dicer be-
ing associated with worse survival in ovarian, lung, and breast cancers (67). MiRs can
be either over- or under-expressed, functioning as tumor suppressors or oncogenes,
depending on their downstream target genes (68).

More recently, the role of mMRNA or miRs as cancer biomarkers have also been inves-
tigated and developed. The prototype mRNA signature is Oncotype DX, the 21-gene
set utilized to predict recurrence risks for patients with breast cancer (69). MiR ex-
pression profilings could distinguish different cancer types (68), classify sub-types of
prostate or breast cancers (70), identify the tissue origin of tumors (71), and facili-
tate the diagnosis of colon (72), or lung cancers (73). MiRs can also predict outcome,
such as let-7a (73) and miR-155 (74) for lung cancer, and select patients for targeted
therapy (for example, breast cancer (75)). Finally, predictive miR signatures have
been reported for several malignancies, such as lung (76-79), hepatocellular (80),

esophageal (81), gastric (82), prostate (83) cervical (84) and colon cancers (85).
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Figure 14: Micro-RNA biogenesis. MiR’s are synthesized initially as large RNA precur-
sors (pri-miRs), processed in the nucleus by RNAse Ill Drosha, and DGCR8 into ap-
proximately 70 nt pre-miR, which are transported to the cytoplasm by exportin-5,
with subsequent cleavage by another RNAse Ill enzyme Dicer, with its co-factor
TRBP, releasing the approximately 22-nt mature dsmiR. MiR’s can negatively regu-
late their targets in one of two major ways, depending on the degree of complemen-
tarity to its target. First, and probably most commonly, one strand of this duplex is
incorporated into the RNA-induced silencing complex (RISC), then binds with imper-
fect complementarity to the 3’-UTR (untranslated region) of mRNA targets, prevent-
ing protein translation. Alternatively, miRs can bind with perfect complementarity to
the ORF (open reading frame) of target mRNA’s with subsequent degradation. Re-
cent evidence also indicates miRs can also bind to either promoters, or coding re-

gions of mMRNAs as additional mechanisms of regulation.
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From genes to pathways

Since cancer is a disease of the genome, the translational interpretation of the alter-
ations in genomic constitution which leads to a transformed cell physiology is abso-
lutely significant in order to develop new treatment strategies for cancer patients.
Advances in high-throughput sequencing technologies enabled a comprehensive
view on the genomic changes in cancer. The sheer amount of genomic alterations
observed in tumor cells is staggering (5-7) with more than 150 subtle genomic
changes observed in one single tumor (5). Thus, it is tempting to conclude that every
tumor is absolutely unique on its own, suggesting that no effective therapeutic strat-
egy could be developed against molecularly defined classes of tumors. However, a
careful analysis of functional cell signaling pathways affected by the multitude of
cancer genome alterations has revealed that ultimately, all of these alterations af-
fected only a limited repertoire of pathways that are required for transformation ac-
cording to the Hanahan and Weinberg dogma (9,10). Therefore, in addition to a ge-
netic “driver”-oriented view of cancer genomics (wherein single alterations function-
ally support the acquisition of more than one of the Hanahan and Weinberg criteria),
these observations support a pathway-oriented view, which takes into account mul-

tiple genetic possibilities for the activation of each required pathway.
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3.4 The MAP Kinase Signal Transduction Pathway

The MAP (Mitogen Activated Protein) Kinase signal transduction pathways are com-
plex multiprotein pathways that are necessary to interpret signals received at the
cell surface and initiate appropriate cellular responses. The name mitogen-activated
protein kinase was assigned to these enzymes to acknowledge the fact that they had
first been detected as mitogen-stimulated tyrosine phosphoproteins in the early
1980s, during an intense search for tyrosine kinase substrates (43). MAP kinase
pathways are three-tiered signaling cascades with protein activation events occur-
ring through phosphorylation of serines, threonines, and tyrosines. The basic struc-
ture of this pathway is conserved among eukaryotes from yeast to humans and in-
volves the downstream activation of the MAP kinase kinase kinase (MAP3K) serine/
threonine kinases, to the downstream MAP kinase kinase (MAP2K) dual specificity
tyrosine and threonine kinases, to a MAP Kinase (MAPK). The MAPK translocates
from the cytoplasm into the nucleus to elicit further molecular activities including
phosphorylation of nuclear proteins and regulation of transcription factors (44, 45,
46). Activation of the limited number of MAPKs is controlled by the MAP3Ks which
provide the stimulus and cell context specificity of signaling responses. The MAP3Ks
tend to be the most diverse and contain regulatory domains not found in MAP2Ks.
The domains are necessary for cooperation with a variety of upstream inputs, scaf-
folding proteins, and anchoring proteins that determine the proper association and
activation of the downstream MAP2Ks (44). On the other hand MAP2Ks tend to be
highly specific in phosphorylation of MAPKs - each MAP2K phosphorylates only one
or a few of the MAP kinases- but there is limited understanding of how these pro-
teins integrate the activation signals for their downstream phosphorylation events
(45). It is known that the different MAP2Ks recognize specific Thr-X-Tyr activation
motifs on their downstream substrates based on the tertiary structure. Phosphoryla-
tion at these specific motifs is necessary to activate and regulate the downstream
MAPK protein (46). The MAPKs are the final kinase in the three-tiered pathway, but
are not the final phosphorylation event to occur. Activation of the MAPKs through

phosphorylation of the Thr-X-Tyr motif induces nuclear translocation and phosphory-
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lation of different MAPK substrates including transcription factors, protein kinases,
phospholipases, and cytoskeletal associated proteins (46).

There are several characteristics of MAP kinases that result from their activation by
kinase cascades. Important among these is that the intermediates provide distinct
mechanisms for detecting inputs from other signaling pathways to enhance or sup-
press the signal to the MAP kinase (48, 49, 50). Another is signal amplification. Am-
plification can occur if each successive protein in the cascade is more abundant than
its regulator. This may be true at one or both steps within MAP kinase modules. An-
other feature of MAP kinase cascades derives in part from the dual phosphorylation
of the MAPK by the MAP2K. In the case of ERK1/2, the kinases are phosphorylated
on tyrosine before threonine is phosphorylated both in vitro and in cells (51, 52). The
result of this nonprocessive phosphorylation is the establishment of a threshold (53,
54). The tyrosine-phosphorylated proteins are not active but must accumulate be-
fore phosphorylation of threonine. Once this accumulation threshold has been
reached, the kinases are rapidly converted to the active state, as threonine is phos-
phorylated. It may be generally true that the MAP2K-MAPK step exists to enhance
the cooperativity of activation of the MAPK and to allow modulation by other signal-
ing events, in addition to or rather than amplifying the MAP2K signal.

A specific MAP3K enzyme may regulate either a single or multiple MAP2Ks depend-
ing upon the enzymatic specificity of the MAP3K, the cellular and subcellular distri-
bution of the signaling components, the formation of protein complexes, and the
activating stimuli. Consequently, significant differences in both the magnitude and
kinetics of MAPK activation may occur in response to a given agent under different
circumstances. Many kinases acting at the MAP3K level have been identified, adding
to the complexity of unraveling signaling mechanisms. There is no apparent similarity
among these proteins outside of their kinase catalytic domains. The relative contri-
bution of each MAP3K to the activation of individual MAPK, with the possible excep-

tion of Raf in the ERK1/2 module, is unclear.
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MAPKs, the effectors of the pathway
The ERK family
To date three distinct families of MAPKs have been characterized in mammals; ex-
tracellular signal-regulated kinases (ERK 1/2, 3/4, 5, 7/8), Jun N-terminal kinases (JNK
1/2/3) and the p38 isoforms (a/b/g(ERK6)/d) (55, 56, 57, 58).
The ERK pathway is the best studied of the mammalian MAPK pathways with the
ERK1 and ERK2 members being the most popular of the family (for the purposes of
this dissertation | will focus on ERK1 and 2 for simplicity). ERK1 and ERK2 are proteins
of 43 and 41 kDa that are nearly 85% identical overall, with much greater identity in
the core regions involved in binding substrates (86, 87). Both are ubiquitously ex-
pressed, although their relative abundance in tissues is variable. They are stimulated
to some extent by a vast number of ligands and cellular perturbations, with some
cell type specificity (88). In fibroblasts (the cell type in which the generalizations
about their behavior and functions have been developed) they are activated by se-
rum (mitogens), growth factors, cytokines, certain stresses, ligands for G protein-
coupled receptors (GPCRs), and transforming agents, to name a few. In the ERK
MAPK module, ERK1 and ERK2 are activated by a pair of closely related MEKs, MEK1
and MEK2 (89 —95). Both of these MEKs have been shown to fully activate ERK1/2 in
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vitro (96,97). Active ERKs phosphorylate numerous cytoplasmic and nuclear targets,
including kinases, phosphatases, transcription factors and cytoskeletal proteins
(162). ERK signaling can, depending on the particular cell type, regulate processes
such diverse as proliferation, differentiation, survival, migration, angiogenesis and

chromatin remodelling (162, 163).

The JNK/SAPK family

The JNK family of MAP kinases (alternatively called stress-activated protein kinases,
SAPKs) are predominantly activated by cytokines, UV radiation, growth factor dep-
rivation, DNA-damaging agents, certain G-protein coupled receptors and serum
(164). The family is encoded by three genes: Jnkl, Jnk2 and Jnk3. Jnkl and 2 are
ubiquitously expressed, whereas Jnk3 expression is restricted to the brain, heart and
testis. Alternative splicing of these genes creates a total of 10 JNK isoforms. JNK ac-
tivation requires dual phosphorylation on tyrosine and threonine residues at a dis-
tinctive TPY motif, a reaction is catalyzed by MEK4 and MEK7. Two MEK family
members, MKK4 (SEK1, MEK4, JNKK1, SKK1) and MKK7 (MEK7, JNKK2, SKK4), have
been implicated in JNK/SAPK pathways. In vitro MKK4 preferentially phosphorylates
the tyrosine residue in the TPY activation loop motif of JNK/SAPKs, and MKK7 pref-
erentially phosphorylates the threonine residue. Based on these specificity differ-
ences, it has been suggested that these kinases cooperate to activate JNK/SAPKs,
perhaps allowing for signal integration (98, 99). JNKs translocate/ relocate from the
cytoplasm to the nucleus following activation. A major substrate for JNK is the tran-
scription factor c-Jun, which when phosphorylated at serines 63 and 73, results in
the enhancement of AP-1 transcriptional activity (165). The localization of active JNK
is not restricted to the nucleus but relatively little is known about the nature of cyto-
plasmic JNK substrates. In response to stresses such as UVB radiation, oxidative
stress and DNA-damage, JNK binds to and phosphorylates p53 (166). Depending
on the site phosphorylated, this can result in an increase in p53 transcriptional ac-
tivity and p53 stabilization (167-170). JNK has also been reported to regulate p53

stability in the absence of stress by an HDM2-dependent mechanism (171).
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The p38 family

The four vertebrate isoforms of p38, a, b and g (ERK6) and d are characterized by
the presence of the conserved Thr-Gly-Tyr (TGY) phosphorylation motif in their acti-
vation loop (172). This motif is phosphorylated by MEK3 and MEK6 which themselves
are induced by physical and chemical stresses, such as oxidative stress, hypoxia, X-
ray and UV irradiation and cytokines. In some instances p38 can also be activated by
MEK4, a kinase that is better known as an activator of JNK. Once active, p38 proteins
can translocate from the cytosol to the nucleus where they phosphorylate ser-
ine/threonine residues of their many substrates. In addition to its role in stress re-
sponses, the p38 pathway also plays a role in the regulation of apoptosis, cell cycle
progression, growth and differentiation. This is due, in part, to the ability of a broad
range of extracellular stimuli such growth factors and hormones that activate this
pathway. p38 is required for expression of TNFa and interleukin-1 during inflamma-
tory responses and most stimuli that activate p38 also induce expression of the p38
protein (173). Characterization of the function of p38 has been facilitated by the anti
inflammatory drug SB203580, an inhibitor of p38 (174).

MAP3Ks, the first tier in the kinase cascade

A specific MAP3K enzyme may regulate either a single or multiple MAP2Ks depend-
ing upon the enzymatic specificity of the MAP3K, the cellular and subcellular distri-
bution of the signaling components, the formation of protein complexes, and the
activating stimuli. Consequently, significant differences in both the magnitude and
kinetics of MAP kinase activation may occur in response to a given agent under dif-
ferent circumstances. Many kinases acting at the MAP3K level have been identified,
adding to the complexity of unraveling signaling mechanisms. There is no apparent
similarity among these proteins outside of their kinase catalytic domains. The rela-
tive contribution of each MAP3K to the activation of individual MAP kinases, with the
possible exception of Raf in the ERK1/2 module, is unclear.

Aside from Raf isoforms, the first of these to be isolated was the 195-kDa protein
MEKK1. It is one of a family of molecules most closely related to the yeast kinase

Stellp, all of which contain C-terminal kinase domains and N-terminal regions of
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variable length (100). In their catalytic domains, MEKK2 and MEKK3, each approxi-
mately 70 kDa, and MEKK4, about 150 kDa, are nearly 50% identical to MEKK1 (101-
104). The other enzymes with MAP3K activity mentioned next are less similar with
identities to MEKK1 generally in the 30-40% range. The following MAP3K level ki-
nases activate JNK/SAPKs when overexpressed or by in vitro reconstitution with
MAP2Ks: MEKKs 1-4 (101-104), MAP three kinase(MTK1) (101, 103-106), Tpl-2/Cot
(111), dual leucine zipper kinase (DLK) (107), mixed lineage kinase MLK2/MST (107),
MLK3/PTK-1/SPRK (108, 109), transforming growth factor-b (TGFb)-activated kinase
(TAK1) (109), apoptosis signal-regulating kinases (ASK1)/MAPKKK5 (112, 113) and
ASK2/MAPKKK®6 (114), and thousand and one amino acid kinases 1,2 (TAOs1, 2) (115,
116). Of these, MEKKs (1-3) and Tpl-2 can also activate the ERK1/2 pathway (111);
MEKK3 and Tpl-2 also activate the ERK5 pathway (117, 118); and TAK1, ASK1,
TAOs1/2, and MTK1 also activate the p38 pathway (113, 115, 116).

MAPK pathways in cancer

Abnormalities in MAPK signaling impinge on most, if not all the processes previously
mentioned as “hallmarks” of cancer and play a critical role in the development and
progression of cancer. The ERK pathway is deregulated in approximately, one-third
of all human cancers. Historically, ERK signaling was synonymous with cell pro-
liferation but it is now clear that deregulation of this pathway is linked to many
other aspects of the tumor phenotype. Most cancer-associated lesions that lead to
constitutive activation of ERK signaling occur at early steps of the cascade, name-
ly, overexpression of receptor tyrosine kinases, activating mutations in receptor
tyrosine kinases, sustained autocrine or paracrine production of activating ligands,
Ras mutations and B-Raf mutations . However, there is also amplification or deregu-
lation of its nuclear transcription factor targets, most notably myc and AP-1. In addi-
tion, cancer cells may switch the repertoire of extracellular matrix receptors they
express to one that favours the transmission of pro-growth signals. Such growth
promoting integrins can activate ERK signaling (175). Thus, the fact that deregulation

of this pathway in cancer occurs at several levels underlines its importance.

35



As mentioned before, cancer cells are exposed to various stress conditions including
hypoxia, detachment from substrate, inflammation and metabolic stress arising from
dysregulation of energy production. Added to this are genotoxic and pharmacologi-
cal stress during chemotherapy or radiotherapy. Thus, an important part for stress-
activated kinases (JNK and p38 pathway) in cancer has also emerged, mainly in mod-
ulatory roles that impinge on DNA damage response, apoptosis and inflammation.
Generally, their effect is anti-proliferative and proapoptotic, but dependent on the

cellular context they also may contribute to tumorigenesis.

MAP Kinase Cascades Mediate Many Signal Transduction Events

Activation in response to ligands, through small G proteins, sensing changes
in extracellular and intracellular environment
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3.5 Tpl2 / Cot

History of cloning

Tpl2 (tumor progression locus 2) also known as COT (cancer Osaka thyroid) and
MAP3KS8 is a Ser/Thr MAP3K, independently discovered in three different laborato-
ries in the early 1990s. Initially, Miyoshi et al. (15) identified Cot as an oncogene, us-
ing DNA isolated from a human thyroid carcinoma cell line, to transform the SHOK
hamster embryonic cell line in vitro. The rat homolog of human Cot, called Tpl2, was
subsequently identified as a target for provirus integration in Moloney murine leu-
kemia virus (MoMulLV)-induced T-cell lymphomas and demonstrated to transform
NIH 3T3 fibroblasts in vitro (16). More recently, MoMulV insertion into the murine
Tpl2 locus was also found in two genome-wide screens for oncogenes using genet-
ically sensitized mouse strains (17, 18). It has also been reported that the murine
Tpl2 locus is a site of Mouse Mammary Tumor Virus (MMTV) proviral integration as-
sociated with the induction of mammary carcinomas in mice (19). Proviral activation
of Tpl2 oncogenicity consistently results in production of Tpl2 proteins truncated at
the C terminus compared to the wild-type protein (generically termed TPL-2AC
here), suggesting important roles of the C terminus in regulation of TPL-2 oncogenic
activity. Consistent with this hypothesis, generation of transgenic mice expressing rat
TPL-2 or TPL-2AC in their T cells has revealed that C-terminal deletion is essential for
TPL-2 to induce the formation of T cell lymphoblastic lymphomas (20). 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-terminal truncation (20)
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Gene and protein product

The Tpl2 gene localizes to human chromosome 10p11.2 and has highly conserved
homologues in the rat and mouse genome. Human MAP3K8 is composed of 9 exons,
the second of which is alternatively spliced (Sanchez-Gongora et al., 2000). Exon 3
contains the two alternative translation initiation sites resulting in two protein
isoforms, full-length M1-Tpl2 (p58) and M30-Tpl2 (p52). M30- Tpl2 is translated from
the same mRNA transcript as M1-Tpl2 by alternative translational initiation at me-
thionine 30 (Figure C M30, black arrowhead). Both M1-and M30- Tpl2 proteins are
predominantly localized in the cytoplasm. Of the two TPL2 isoforms, p58 TPL2 is be-
lieved to be the catalytic subunit responsible for transducing ERK activation signals,
whereas the p52 isoform plays a role in stabilizing p58 in the NF-kB1/ABIN2/TPL2
complex (119).

The Tpl2 kinase domain (KD) is located in the centre of the protein, flanked by N-
terminal and C-terminal regions with largely unknown functions. C-terminal trunca-
tion, however, results in a protein (Tpl2AC) with increased kinase-specific activity,
suggesting that this region may inhibit Tpl2 kinase activity (20). Furthermore, a pro-
posed degron sequence [435-457, shaded box] is located within the C terminus and
confers destabilizing properties to full-length Tpl2 (120). Consequently, Tpl2AC has
increased protein stability and is expressed at higher levels. The positions of onco-
genic truncations in Tpl2 identified in MoMuLV- and MMTV-induced murine tumors
[424], human Tpl2 (COT) in transformed SHOK cells [397] and in a human lung ade-
nocarcinoma [421] are indicated by red arrowheads. Several phosphorylation sites in
Tpl2 have been identified by mass spectrometry (121). Two of these sites, T290 and
S400, are known to regulate Tpl2 MEK kinase activity in vivo. T290 phosphorylation
may also regulate Tpl2 release from its binding partner p105 (see Figure 4). The

physiological significance of the sites shown in italics is not yet known.

562 T80 S141 | 2 | $400 5443
: | 1 I]f T
30 307 494

.
A1

&

38



In unstimulated cells, TPL-2 is stoichiometrically complexed with the C-terminal half
of NF-kB inhibitory protein NF-kB1 p105, which blocks TPL-2 access to its substrate
MEK, and the ubiquitin-binding protein ABIN-2 (A20-binding inhibitor of NF-kB 2),
both of which are required to maintain TPL-2 protein stability. Following agonist
stimulation, the IKK complex phosphorylates p105, triggering its K48-linked
ubiquitination and degradation by the proteasome. This releases TPL-2 from p105-
mediated inhibition, facilitating activation of MEK, in addition to modulating NF-«kB
activation by liberating associated Rel subunits for translocation into the nucleus.
However, TPL-2 is only associated with a small fraction of total cellular p105. It
therefore remains possible that TPL-2 regulates the proteolysis of this pool of p105,
which is likely to contribute to only a fraction of total NF-kB activity.

In unstimulated cells, all detectable TPL-2 is complexed with NF-kB1 p105 and ABIN-
2. The TPL-2 kinase domain (KD) directly interacts with the death domain (DD) of
p105. This regulates TPL-2 MEK kinase activity by blocking access of the substrate to
the active site. The TPL-2 C terminus [398-467] interacts with a region [497-539] of
p105 within the “processing inhibitory domain” [PID; 474-544] (122), which also me-
diates p105 dimerization (123). These two distinct interactions contribute to a very
strong association between TPL-2 and p105, and dissociation of recombinant TPL-
2/p105 complex produced in insect cells requires high concentrations of urea (8 M)
(124). The importance of TPL-2 regulation by p105 is highlighted by the dysregulated
TPL-2 MEK kinase activity and tumorigenic potential of C-terminal truncated TPL-2,
which lacks one of the binding sites for p105 (see text for details). The same region
of TPL-2 that mediates binding to the PID of p105 is also the principal interaction site
with ABIN-2. The binding site on ABIN-2 [194-250] contains ABIN-homology domain
(AHD) 4 [203-220], which is also present in ABIN-1 and ABIN-3 (125). ABIN-2 interac-
tion is critical to maintain TPL-2 protein stability, and steady-state levels of TPL-2 are

dramatically reduced in cells deficient in ABIN-2.
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Figure 14: Tpl2 is confined to a cytoplasmic complex with the NF-kB1 precursor pro-
tein p105, and the ubiquitin-binding protein ABIN-2. Cellular stimulation with various
agonists, such as TLR ligands, IL-1B, TNF and CD40L, induces the formation of recep-
tor proximal complexes that trigger activation of the MAP3 kinase TAK1 [101]. Acti-
vation loop phosphorylation of IKK2 by TAK1, in turn, activates IKK2 to phosphorylate
the target residues S927 and S932 in p105, creating a binding site for the SCFRTrCP
ubiquitin E3 ligase complex. K48-linked ubiquitination of p105 by SCFRTrCP triggers
its complete degradation by the 26S proteasome. After liberation from p105, Tpl2
directly phosphorylates MEK and thereby activates downstream ERK MAP kinase
signaling. Activation of Tpl2 MEK kinase activity additionally requires trans-
/autophosphorylation of S400 by an unknown kinase and autophosphorylation at
T290 in the Tpl2 activation loop. Proteasomal degradation of p105 also releases
ABIN-2 from association with p105 and Tpl2. The function and downstream targets

of ABIN-2 are not known
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Activation

Similar to other MAP3 kinases (130), TPL-2 signaling function is regulated by phos-
phorylation. Activation of TPL-2 requires autophosphorylation of T290 in the activa-
tion loop of its kinase domain (131), which may also regulate the association of TPL-2
with p105 (119). The phosphorylation event at Thr290 is induced preferentially to
the catalytic isoform p58 and is required for its release from p105 NF-kB1 (126). The
released subunit is active towards its physiological substrate MEK1 but unstable and
is rapidly targeted for proteasome-mediated degradation, thus restricting prolonged
activation of ERK signaling (126, 127).TPL-2 must also be phosphorylated on S400 in
its C-terminal tail to activate MEK following LPS stimulation of macrophages (126).
Different experimental systems have suggested that S400 is either auto-
phosphosphorylated by TPL-2 (IL-1B-stimulated IL-1R-293T cells) or trans-
phosphorylated by an unknown kinase (LPS-stimulated RAW264.7 macrophages)
(126, 128) . The way by which Ser400 phosphorylation contributes to kinase activa-
tion is still unclear. As this residue is within the C-terminus of TPL2, its phosphoryla-
tion is proposed to act as an essential control step for kinase activation, by inducing
a conformational change which releases the inhibitory intermolecular interaction
between the C-terminal tail and the kinase domain of TPL2 (129).

An important aspect of TPL2 activation is its interplay with upstream components of
NF-kB signaling, such as the IkB kinase B (IKKB, also known as IKK2). Studies in
IKKB-null fibroblasts have demonstrated that IKK activity is required for the activa-
tion of the TPL2-ERK axis. This has been attributed to the phosphorylation of p105 by
IKKB, an event which is essential for the signal-induced liberation of p58 from the
p105 complex (123) (Figure 1). In addition, the signal-induced phosphorylation of the
TPL2 catalytic subunit at Thr290, which largely contributes to dissociation of TPL2
from p105 NF-kB1, has been shown to depend on IKKB activity (129). However, de-

spite its essential role, IKKB activation is not sufficient to induce TPL2 activity.

Function
While the potential of truncated Tpl2 to behave as a transforming oncoprotein ki-

nase was clear, the physiological function of wild-type Tpl2 was initially less evident.
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Early northern blot analyses of rat tissues demonstrated that Tpl2 mRNA is ex-
pressed at highest levels in the spleen, thymus and lungs, with low levels in the
brain, testis and liver (16, 132). In the mid 1990s, DNA sequence homology compari-
sons revealed that Tpl2 kinase domain is related to the MAP3 kinases STE11 and
MEK kinase (111, 133), suggesting that Tpl2 might regulate MAP kinase signaling
pathways.

Consistent with this hypothesis, Tpl2 overexpression in COS-7 and 3T3 cells activates
ERK, JNK, p38y and ERK5 MAP kinases (111, 118, 133). Immunoprecipitated Tpl2
phosphorylates MEK-1, MKK-4 (also known as SEK-1), MEK-5 and MKK-6, suggesting
that it functions directly as a MAP3 kinase (111, 118). This was subsequently con-
firmed using recombinant Tpl2 purified from lysates of baculovirus-infected insect
cells and recombinant MEK protein as a substrate (124). Overexpression of Tpl2 also
activates NFAT (nuclear factor of activated T cells) in Jurkat T cells and induces IL-2
(interleukin-2) production (134). In addition, overexpression experiments in COS-7
cells demonstrate that Tpl2, may regulate NF-kB activation by inducing p105 prote-
olysis, releasing associated Rel subunits for translocation into the nucleus (135).
Overexpression of kinases can result in artifactual phosphorylation of cellular pro-
teins, and it remained unclear for several years whether Tpl2 really regulated the
activation of so many downstream signaling pathways under physiological condi-
tions. This was clarified through the generation of a Tpl2-/- mouse strain by the
Tsichlis laboratory. Tpl2-/- mice display no overt phenotype, are of normal size and
weight and have a normal lifespan under pathogen-free conditions (136). The devel-
opment of immune cells (T cells, B cells, dendritic cells (DC), natural killer cells and
macrophages) occurs normally.

Analysis of Tpl2-/- macrophages revealed an essential function for TPL-2 in LPS acti-
vation of MEK-1/2 and ERK-1/2, but not of p38, JNK or NF-kB. Furthermore, LPS
stimulation activates the MEK kinase activity of TPL-2 (127, 138). TPL-2 is also re-
quired for TLR2, TLR9 and TNF induced activation of ERK in macrophages (139-141)
and CD40 induced activation of ERK in B cells (139). In other cell types, the function
of TPL-2 may not be restricted to the regulation of the ERK MAP kinase pathway.

Consistent with this idea, TPL-2 is required for optimal activation of ERK and JNK in

42



embryonic fibroblasts after TNF or IL- 1B stimulation, and for maximal p38 activation
in LPS and CpG-stimulated DC (137, 140).

Tpl2-/- mice were found to produce very low levels of TNF after intraperitoneal

LPS injection and to be resistant to septic shock induced by LPS and d-galactosamine
(136). TPL-2 is also required for optimal TNF production by LPS stimulated macro-
phages, the major cellular source of TNF during inflammatory responses, while LPS-
induced TNF production by DC is partially dependent on TPL-2 (136, 141). However,
TPL-2 is not universally involved in induction of TNF in macrophages, since curdlan
stimulation of dectin-1, which activates ERK via Raf, induces TNF independently of
TPL-2 expression (141, 142). The requirement for TPL-2 in TNF-induced innate im-
mune responses is, therefore, both cell- and stimulus specific.

Together, analyses of primary cells from Tpl2-/- mice indicate that the major physi-
ological function of TPL-2 is to regulate ERK MAP kinase activation in immune re-
sponses following stimulation of receptors of the TLR and TNF-R families. However,
TPL-2 may also regulate the activation of other MAP kinases and NF-kB in a cell type-

and stimulus-specific fashion.

Role in cancer

Despite early studies identifying COT as a proto-oncogene activated by C-terminal
truncation in mouse and rat, mutations in Tpl2 are rarely observed in humans (143,
144) and the physiological role of TPL2 in carcinogenesis remains enigmatic. Whilst
elevated levels of TPL2 have been reported in human gastric/colon adenocarcinomas
(145)], large granular T cell neoplasias (146), breast cancer (135, 147) and Epstein-
Barr virus (EBV)-related nasopharyngeal carcinoma and Hodgkin’s disease , a de-
tailed evaluation of Tpl2 expression and function in human malignancy and normal
tissue is still missing. Although multiple studies have demonstrated that Tpl2 can
function as an oncogene in some situations, recent studies implicate Tpl2 in tumor
suppressive activity. For example, Tpl2—/- mice bred onto an MHC Class I-restricted
T-cell antigen receptor (TCR) transgenic background develop T-cell lymphomas due
to hyperresponsiveness of CD8+ T cells following TCR stimulation (22). A genome-

wide RNA interference (RNAI) screen showed that COT is required for TRAIL-induced
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apoptosis in human breast cancer cells (176). Therefore, COT may impact on onco-
genic events including the cellular response to therapy in a tissue type and stimulus-

dependent manner.
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5. Objectives

The present study sought to delineate the role of Tpl2/COT in carcinogenesis. More

specifically, the objectives of the study were :

1. To dissect the contribution of Tpl2/COT in the initiation and during different
stages of the progression of lung carcinogenesis in human.

2. Toinvestigate how ablation of Tpl2 shapes the disease after chemical in-
duction of lung carcinogenesis in vivo.

3. To decipher the molecular mechanism(s) involved in the development of
the epithelial response to carcinogenesis in the absence of Tpl2.
Results obtained from these objectives, indicated that Tpl2 /COT is preferentially
downregulated in epithelial cells of the lung during the human disease and its abla-
tion accelerates carcinogenesis. Tpl2/ COT may act as a tumor suppressor, partici-
pating in both initiation and progression of tumor development. Therefore a new

series of questions were raised:
1. Which is the physiological role of COT in human lung cancer? Is it of clinical
importance?

2. How is Tpl2/COT regulated in epithelial cells in vivo? Which are the statisti-
cally significant mechanisms really affecting its in vivo levels?

3. Since industry has already invested in systemic Tpl2 inhibition as a drug tar-

get wouldn’t it be wiser to elucidate its physiological role in epithelial ho-
meostasis at fist?
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6. Materials & Methods

Mouse maintenance, carcinogenesis protocol and histological analyses

Single-cell suspension preparation from lungs, lymph nodes and spleen and Flow
Cytometry

Mouse lung lysis for Western Blotting

Human tissue

DNA and RNA isolation and cDNA synthesis
Quantitative PCR expression assays

DNA Methylation Analysis

Allelic Imbalance (Al) analysis

Mutational analysis of human K-ras
Statistical Analyses

Cell culture, transfections and RNA interference.
Immunoblotting

Reporter Assay

Quantitative measurement of apoptosis
Soft agar assay

Light microscopy

Immunohistochemical detection of Tpl2
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Mouse maintenance, carcinogenesis protocol and histological analyses

Tpl2+/+ and Tpl2-/- mice (C57/BL6 background, obtained by the SPF facility of IMBB-
FORTH) (Dumitru et al., 2000) were housed in plastic cages containing hardwood
bedding and dust covers in a HEPA-filtered, environmentally controlled room (24°C,
12-h/12-hrs light/dark cycle), and were given Rodent Lab Chow and water ad libitum.
For the induction of lung tumors, a chemical carcinogenesis protocol based on ure-
thane (ethyl-carbamate) was applied, as previously described for C57/BL6 mice (Mil-
ler et al., 2003). 7-week-old mice were injected intra-peritoneally with 1 mg/g fresh-
ly prepared sterile urethane (Sigma-Aldrich) in 0.9% NaCl once weekly, for a total of
10 doses and tumor multiplicities were examined at several time points after the last
injection. Lungs were dissected out and incubated in 10% buffered formalin over-
night at 4°C followed by PBS wash (6h at room temperature). Fixed tissues were then
dehydrated through a graded ethanol series (30% (6h), 50% (6h), 70% (6h), 80% (6h),
90% (6h) and 100%(6h) RT). Tissues were cleared with chloroform (12h) at room
temperature and then embedded in melted paraffin wax at 56-58°C for 12-24 hrs,
with 3 changes of wax. Sections cut into 4 um size were prepared and placed on
glass slides, stained with hematoxylin and eosin, and reviewed in a blinded fashion
and in consensus in case of discrepancy more than 10%. The same procedure was
followed for lung inflammation grade evaluation, under the guidance of expert
pathologist Gorgoulis V. The histopathological classification of the pulmonary lesions
was performed in accordance with the recommendations of the mouse models of
human cancers consortium, NIH/NCI, 2004 (Nikitin et al., 2004). 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 tumor le-
sion by counting the total number of tumor cell nuclear profiles and the number of
Ki67-positive nuclear profiles in randomly selected fields. The same procedure was
followed for lung inflammation grade evaluation. Animal experiments were ap-
proved by the local ethical committee of the University of Crete Medical School,

Greece, licence number 1406/14-03-2006.
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Single-cell suspension preparation from lungs, lymph nodes and spleen and Flow
Cytometry

Lungs, draining lymph nodes and spleens were removed from euthanized mice ani-
mals at several time points following urethane administration, washed with HBSS,
and mashed into single-cell suspensions using 7um cell strainers. Erythrocytes were
lysed and cells were isolated by centrifugation. Cells were then washed twice with
PBS/5% FCS and stained with fluorescently labeled antibodies for 20 min at 4 oC in
PBS/5% FCS against CD3 (145-2C11), NK1.1 (PK136), CD4 (GK1.5), CD8a (53-6.7),
CD69 (H1.2F3), F4/80 (BM8), CD11lc (N418), Grl (RB6-8C5) and CD11b (M1/70).

Antobodies were purchased from eBioscience, UK.

Mouse lung lysis for immunoblotting

Lysates from tumor and normal areas of mouse lung tissue were obtained according
to the protocol proposed at “Current Protocols in Protein Science”, Ch. 4.2.10. Brief-
ly, normal tissue and lung tumors from each mouse were dissected, tumors were
pooled together (tumors from different mice were not mixed; each pool corresponds
to one animal) and all samples were weighed and chopped into small pieces. Sam-
ples were homogenized in modified RIPA buffer (50 mM Tris-HCI, pH 7.4, 1% Triton
X-100, 0.2% sodium deoxycholate, 0.2% sodium dodecylsulfate (SDS), 1 mM sodium
ethylenediaminetetraacetate, 1 mM phenylmethylsulfonyl flouride, 5 pg/ml of
aprotinin, 5 pug/ml of leupeptin). Tissue and cell debris was removed by centrifuga-
tion. Protein concentration was determined with Bio-Rad protein assay. The lysate
was boiled for 5 min in 1 x SDS sample buffer (50 mM Tris-HCI pH 6.8, 12.5% glycerol,
1% SDS, 0.01% bromophenol blue) containing 5% b-mercaptoethanol. Lysates from
mouse lungs expressing K-RASG12D (Schramek et al., 2011) were kindly provided by

Josef Penninger, Austrian Academy of Sciences, Austria.

Human tissue
Frozen tissue from 124 NSCLCs (46 adenocarcinomas and 78 squamous cell carcino-
mas), as well as 100 adjacent normal lung tissues were obtained from Liverpool

Heart and Chest Hospital (Liverpool, UK). In 100 of the NSCLCs, matched normal tis-
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sue was available. 82 patients were males and forty two were females. Specimens
comprised the following pathological stages (pT): 8 T1, 103 T2, 9 T3 and 2 T4. Ethical
approval has been obtained from Liverpool Ethics Committee for this study and in-

formed consent was obtained from each individual.

DNA and RNA isolation and cDNA synthesis

DNA and total RNA extraction from tissues were performed using the DNeasy and
miRNeasy kits (Qiagen, UK) respectively following the manufacturer’s protocol. 20-
40 um frozen sections from each patient sample were utilised. The first and last sec-
tions underwent pathological review to ensure >80% tumor cell content. 500 ng total
RNA was reverse transcribed in a 20 ul reaction using the Quantitect kit (Qiagen, UK)

and following the supplier’s protocol.

Quantitative PCR expression assays

A TagMan™ gene expression assay for COT (MAP3K8; ID Hs00178297 _m1, FAM la-
beled) as well as B-actin (ACTB; 4326315E) as endogenous control (VIC-labeled) were
purchased from Applied Biosystems, Warrington, UK . Assays were performed in 20
ul, containing 10 pl Tagman expression master mix (Applied Biosystems), 1ul of the
target primer/probe mix, 1 pl endogenous control and 2 pl of cDNA following the
universal conditions (2 min at 50°C, 95°C for 10 min, 50 cycles of 94°C for 30 sec,
60°C for 45 sec) on an Applied Biosystems 7500 FAST real-time PCR instrument. For
micro RNA analysis, the hsa-miR-370 (assay ID 2275) and RNU48 (assay ID 1006)
were used as target and endogenous control respectively, following the manufactur-
er’s protocol. Briefly 10 ng total RNA were used in each reverse transcription reac-
tion followed by PCR amplification with the corresponding primer/probe mix on an
Applied Biosystems 7500 FAST real-time PCR instrument. For micro RNA analysis, the
hsa-miR-370 (assay ID 2275) and RNU48 (assay ID 1006) were used as target and en-
dogenous control respectively, following the manufacturer’s protocol. Briefly 10 ng
total RNA was used in each reverse transcription reaction followed by PCR amplifica-
tion with the corresponding primer/probe mix on a 7500FAST instrument. All assays

were run in triplicate and the mean value was used for the analysis. mRNA and
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mMiRNA levels were expressed as relative quantification (RQ) values which were cal-
culated as: RQ=2(-AACt), 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 soft-
ware (Qiagen) in order to measure the DNA methylation levels of MAP3K8 promoter
and miR-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 pre-miRNA se-
guence. The primer sequences used are the following:

TPLmeth1-Fb 5’ biotin-GAGGTTTTGGGTTATTAGGTT

TPLmeth1-R 5" CCCTCATTTACCCTCTAAAC

TPLmeth1-S 5" CCTCATTTACCCTCTA

TPLmeth2-Fb 5’ biotin-GTTTAGAGGGTAAATGAGGG

TPLmeth2-R 5 ATTACAAAATAAACCAAAACCC

TPLmeth2-S 5" TTACAAAATAAACCAAAAC

mir370meth-F: 5" GGGTTATTTGAGGGATGG 3’

mir370meth-Rb: 5’ biotin-AACCTAACTTCTCTATCTTATACCC 3’

mir370meth-S: 5’ TTATTTGAGGGATGGG

Oligonucleotides were supplied by Eurofins MWG Operon (Germany). 1 ug of ge-
nomic DNA was treated with sodium bisulphite (EZ DNA methylation Kit™,
ZymoResearch) following the manufacturer’s protocol. PCR amplifications were per-
formed in a final volume of 25 pl using Qiagen HotStarTag Master Mix, 150 nM
biotinylated primer, 300 nM non-biotinylated primer and approximately 60 ng of bi-
sulphite treated genomic DNA. The thermal profile was: 95°C for 5 min followed by
40 cycles consisted of 14 94°C for 30 sec, 52°C for 30 sec, and 72°C for 30 sec. For
Pyrosequencing analysis, the PyroMark Gold Q96 SQA Reagents and the PyroMark

Q96 ID instrument (Qiagen) were used following the suppliers protocol. The methyl-
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ation index (Mtl) for each promoter was calculated as the mean value of mC/(mC+C)

for all examined CpGs in the target sequence(Daskalos et al., 2011).

Allelic Imbalance (Al) analysis

Four microsatellite repeats (designated MS1-4) were identified in the vicinity of the
COT (MAP3K8) gene. As shown in Supplementary Figure 4, MS1 (CA)n repeat lies
18.8 kb upstream the gene’s TSS, MS2 (GA)n repeat is located in the proximal pro-
moter, MS3 (TTA)n repeat is found in intron 4 while MS 4 (GT)n repeat is located
40.3 Kb downstream the TSS. Primers flanking the repeat regions were designed. The
forward primers were labeled with FAM (MS1, MS3) and HEX (MS2, MS4) dyes. The
primer sequences were:

MS1-F: CATTGTATGTAACATATATGAAGA

MS1-R: GCATCATAGTAGACCCTGT

MS2-F: GAATCTGGGTTGTGCCTG

MS2-R: CTAGGAGCCATGTAAGGTCG

MS3-F: GGCAGAAACTGGGAAGGAGG

MS3-R: ACCCCGACACTGCACTCC

MSA4-F: AATTAGTCAAGGAAATAACTGG

MS4-R: GCTTTCTTTATTGTGAGAGACT

The thermal profile was: 95°C for 5 min followed by 25 cycles consisted of 94°C for
30 sec, 52°C for 30 sec, and 72°C for 30 sec. A final 20 min extension step at 72°C
was introduced to enhance non-template A addition and reduce split peaks. 2 ul of
the PCR reactions were mixed with 10 pl formamide, denatured at 95°C for 2 min,
chilled on ice and analysed on a 3130 capillary sequencer (Applied Biosystems).
Genemapper software was used to analyse the signal and quantify allelic peak areas.
Allelic imbalance was scored if the allelic ratio tumor/normal was outside the region

0.75-1.25 (Liloglou et al., 2001).

Mutational analysis of human K-ras
K-ras mutational analysis for the hot-spot codons 12 and 13 was carried out by PCR

and direct sequencing. The primer sequences were:
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Krasc12-FOR ~ GCCTGCTGAAAATGACTGA

Krasc12-REV ~ TATCAAAGAATGGTCCTGCAC

Krasc12-SEQ ~ TTCGTCCACAAAATGATTCTG

50 ng of genomic DNA was amplified in a 25 ml reaction containing 12.5 ml and 10
pmoles of each primer. PCR products were cleaned by a standard spin column meth-
od (EZ kit, NBS Biologicals, UK) and sequencing was performed using the Big Dye v3.1
chemistry and a 3130 genetic analyser (Applied Biosystems, UK). Mutations were de-
termined by comparing each tumor to the K-ras codon 12/13 wild-type sequence

(GGTGGC)

Statistical Analyses

The 1-sample Smirnov-Kolmogorov test was used to assess normal distribution in
continuous variables (e.g. expression and methylation levels). In the absence of
normal distribution non-parametric tests were used. The Mann-Whitney (independ-
ent) and Wilcoxon's ranking (paired comparisons) tests were employed to determine
significant differences in expression and methylation levels among groups. Pearson’s
chi square test was performed to assess differences in categorical data groups, while
Spearman's correlation assessed the relationship between continuous variables. Sur-
vival analysis was undertaken by constructing Kaplan Meier curves and utilizing log-

rank test.

Cell culture, transfections and RNA interference

Lung cancer cell lines were purchased from ATCC, USA, and cultured according to the
provider’s instructions. Whilst A549 cells carry mutated K-ras alleles, they do not
display dependency (“addiction”) on the endogenous K-ras oncogene in as much as
their proliferation, survival, ERK phosphorylation or PI3 kinase activation status re-
main unaffected upon RAS knock-down, presumably because of low K-ras oncogene
copy number (Singh et al., 2009). Liposome-mediated transfections were performed
using Lipofectamine (Invitrogen) in Optimem media (Invitrogen) according to the in-
structions of the manufacturer. RASG12V-expression vectors were a kind gift of Dr A.

Malliri, Paterson Institute for Cancer Research, Manchester, UK. TPL2 expression
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vectors have been previously described (Eliopoulos et al.,, 2002; Tsatsanis et al.,
2008). For the delivery of siRNAs and miR370, 5x10% A549, A549/H-rasG12V clone 2
or H1299 cells were plated into each well of a 24-well plate (Costar) and 2 rounds of
transfection with siRNA duplexes were performed as previously described (Knox et
al., 2011) using the siIMPORTER transfection reagent according to the instructions of
the manufacturer (Upstate Biotechnology). The COT siRNA (Cat. No AM16708) and
miR-370 (Cat. No hsa-miR-370) were purchased from Ambion (Applied Biosystems).
The control siRNA duplex comprised the sequence CGUACGCGGAAUACUUCGAUU
and the corresponding antisense strand. The p53 shRNA vector was kindly provided
by Reuven Agami (The Netherlands Cancer Institute, Netherlands). Cells transfected
with siRNAs targeting Cot or the unrelated luciferase (Luc) gene were then exposed
(in the case of the indicated experiments where cells underwent genotoxic stress) to
25uM cis-platin for various time-intervals. Chemical kinase inhibitors (zZVAD-fmk,
JNK SP600125, MEK PD98059, Tpl2 #616373) were purchased from Calbiochem and

dissolved in dimethyl sulfoxide prior to use.

Immunoblotting

Specific antibodies against COT/Tpl2, pERK, B-ACTIN, NFKB1, P53, JNK, pJNK, NPM,
BAX, were used at dilutions of 1:500—-1:1000. Phospho-specific antibodies were di-
luted in 5% bovine serum albumin in Tris-buffered saline-0.1% (vol/vol) Tween 20
(TBS-T); all other antibodies were diluted in 5% milk in TBS-T. The MAP3K8 (Tpl2
M20) antibody was purchased from Santa-Cruz Biotechnology Inc., the IkBa L35A5
mAb from Cell Signaling Technology, phospho-specific ERK antibody (M8159) was
from Sigma and the B-ACTIN clone C4 antibody from Millipore. The NF-kB1 antibody
(clone E381) was purchased from Novus Biologicals. The anti-p53 mAb 1801 was a
kind gift from Moshe Oren (Weizmann Institute, Israel). The anti-rabbit IgG-
horseradish peroxidase (HRP) and anti-mouse IgG-HRP were obtained from Sigma-
Aldrich. Immunoblotting was performed as previously described (Eliopoulos et al.,
2003). 15 to 40 ug of whole cell lysates were separated by sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis, transferred onto polyvinylidene difluoride

membrane (0.45 uM; Millipore), and blocked for 45 min at room temperature with
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5% nonfat milk dissolved in TBS-T. Following three washes with TBS-T, membranes
were incubated overnight at 4°C with primary antibody and 1 h at room temperature
with the appropriate secondary antibody and then subjected to enhanced

chemiluminescence analysis using an ECL kit (Amersham).

Reporter Assay

Tpl2 promoter cloning:

A sequence of 865bp (mentioned as -900) containing 2 kB elements of the Tpl2
promoter, was PCR amplified from genomic DNA isolated from EJ cells (primer se-

guences are shown in Table 2).
GGRRNNYYCC R= purine base

Y= pyrimidine base
Tpl2 promoter -900 \ / N=any base

| ‘ KB -E | KB -E |

The products, carrying a different R.E. binding sequence on each of the 5’ and 3’
ends, were initially cloned into the pCR2.1 plasmid (TOPO TA cloning kit, Invitrogen).
After the correct sequence was confirmed by sequencing, the inserts were digested
and ligated between the Kpnl/Bglll sites of the pGL3-Basic vector (Promega), up-

stream the luciferase gene.

Table 2
Tpl2-Luc R 5" GGA AGA TCT GGG ACT AGG GAG GAG CAG AG 3’
Product size
(Bglll site)
Tpl2-Luc F 5'CGG GGT ACCGGTTCCTAGTGG GTGCTTGA 3’ ~900bp
(Kpnl site)

Quantitative measurement of apoptosis

Quantitative determination of apoptosis in A549 and A549/H-rasG12V clone 2 cells
was performed 24 hours post-transfection with Myc epitope-tagged (MT) COT in the
presence or absence of shRNA targeting p53 and of the pan-caspase inhibitor zVAD-
fmk (15uM). Mean values (t sd) from 3 independent experiments were calculated.

For the assessment of apoptosis, we took into consideration the guidelines for the
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use and interpretation of assays for monitoring cell death (Galluzzi et al., 2009a) and
performed multiple, methodologically unrelated assays to quantify dead cells.
Annexin V staining

Cells were lightly trypsinized and incubated with Annexin V-FITC (BD) and propidium
iodide for 15 min before assessment of fluorescence intensity on a flow cytometer

(BD FACSCalibur).

Soft agar assay

60mm tissue culture dishes were layered with 3ml 0.7% (w/v) SeaPlaque Low Melt-
ing Point Agarose (FMC Bioproducts, Maine, USA) dissolved in serum-containing me-
dium. A549 or H1299 cells were then mixed with 1.6 ml of 0.35% (w/v) warm agar
(42°C) in serum-containing medium and plated on the solidified agarose layer. Fresh

agar was added weekly and cellular foci were enumerated on day 17.

Light microscopy

Morphological changes related to apoptosis were observed using an inverted micro-
scope (DMIRE2; Leica) equipped with a digital camera (DFC300 FX; Leica). Camera
image acquisition was controlled by IM50 software (Leica), and single images were
exported as TIFF files. Individual frames were prepared for presentation using Pho-
toshop (Adobe). Cells were seeded into 4-well, chambered coverglass units with co-
verslip-quality glass bottoms (Laboratory-Tek; Thermo Fischer Scientific) and, after

treatment, were examined with a 63x dry objective lens.

Immunohistochemical detection of Tpl2

Paraffin embedded tissue sections 3 um thick were deparaffinized and subjected to
low-temperature antigen retrieval, in 1 mM EDTA (pH 8.0), with 0.1% Tween 20, on a
hot plate stirrer at 65°C for 16 min. Following antigen retrieval, sections were
washed in Tris-buffered saline (TBS; pH 7.6), and primary antibody to Tpl-2 (M20;
Santa Cruz Biotechnology) was applied at a dilution of 1/100 for 1 h at room temper-
ature (RT). Slides were washed in TBS (pH 7.6) containing 0.001% Tween 20. For the

immunodetection, UltraVision LP Detection System: HRP Polymer Quanto (Thermo
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Scientific, Cheshire, UK) was utilized, with Diaminobenzidine (DAB) as chromogen.
Sections were then washed in tap water, counterstained in Harris hematoxylin
(BIOSTAIN, Manchester, UK), dehydrated, cleared, and mounted. Negative controls
consisted of consecutive lung tissue sections in which non-immune serum was sub-
stituted for primary antibody. Lung macrophages served as internal positive controls.
An external positive control was always used in each run. For slide reading a Nikon

Eclipse E400 optical microscope with plan lenses was used. Digital photographs were

taken by the Nikon Digital Sight DS-5M camera.
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7.Results

Tpl2 downregulation/ ablation promotes lung carcinogenesis in an in-
flammation-independent way

Tpl2 levels are reduced in human lung tumors and associate with poor pa-
tient survival.
Figure R1: Inspection of transcriptome profiles registered in the
Oncomine database indicates that expression of Tpl2 mRNA is approx
imately 4 times lower in human lung tumors compared to the normal
bronchial epithelium.

Figure R2: Tpl2 levels are reduced in human lung tumors and associ
ate with poor patient survival.

Tpl2 deficiency enhances susceptibility to experimental lung carcinogenesis.
Figure R3: Tpl2 suppresses lung cancer growth in vivo.

Table R1: Summary of histopathology data of Tpl2+/+ and Tpl2-/-
mouse lung sections iso-lated at 4 and 6 months post-treatment with
the chemical carcinogen urethane.

Figure R4: Tpl2 ablation promotes both tumor initiation and progress
sion in vivo.

Figure R5: Tpl2 reduction directly favors cancer cell survival and
prliferation.

The increased susceptibility of Tpl2 -/- mice in chemically induced lung car-
cinogenesis is inflammation independent.

Figure R6: Analysis of lymphoid cell populations in the spleens of
Tpl2+/+ and Tpl2 -/- mice exposed to urethane.

Genetic and epigenetically-controlled mechanisms account for TPL2
down-regulation in human lung cancer

52% of the human lung cancer speciments inspected harbored LOH in tp/2
locus.

Figure R7: Data mining of the genome-wide SNP analysis da

tabase indicates LOH in the Tpl2 locus in human lung cancer
lines
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Figure R8: Correlation between Tpl2 mRNA and protein levels in hu
man lung tumor cell lines.

Figure R9: Allelic imbalance partly accounts for the down-regulation
of TPL2 in hu-man lung cancer.

Figure R10: The Tpl2 promoter is not differentially methylated in hu
man lung cancer vs normal lung tissue.

DNA hypomethylation-associated upregulation of miR-370 is in part respons-
ible for Tpl2 downregulation

Table R2: sequence of microRNA-370

Figure R11: An epigenetic mechanism of Tpl2 expression regulation
involving miR370.

Oncogenic Ras mediates down-regulation of TPL2.

Figure R12: Down-regulation of TPL2 levels by activated Ras associates
with cell sur-vival and oncogenic transformation.

Down-regulation of TPL2 levels by activated RAS associates with cell survival
and oncogenic transformation.

Figure R13: TPL2 antagonizes oncogenic Ras in transformed cells by
modulating apoptosis induction in a p53-dependent manner.

Functional role of Tpl2 in lung cancer
TPL2 regulates p53 via a JINK-NPM signaling pathway.
Model R1: Tpl2 = JNK = NPM - p53 proposed pathway

Figure R14: Tpl2 leads to JNK activation, which is necessary and suffi
cient for NPM transactivation and thus p53 stability.

Model R3: oncogenic / genotoxic stress = LOH, mir370, Ras™" >
Tpl2 regvgvbt43tgr3r duction = inhibition of JNK activation = inhibi
tion of NPM transactivation = inhibition of p53 stabilisation = halt
ed tumor suppression.
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Tpl2 downregulation/ ablation promotes lung carcinogenesis in an in-
flammation-independent way

TPL2 levels are reduced in human lung tumors and associate with poor patient
survival.
Our mining of transcriptome profiles (Beer et al., 2002) registered in the Oncomine

database (www.oncomine.org) indicated that TPL2/MAP3K8 expression is reduced in

lung tumors compared to normal bronchial epithelium (Figure R1). To validate this
finding, we determined TPL2 mRNA levels by gPCR in 100 human lung carcinomas
and paired adjacent normal tissue. The results (Fig. R2A) demonstrated a significant
downregulation of TPL2 in the malignant tissue. Lower expression of TPL2 was con-
firmed in protein lysates from representative primary lung tumor biopsies compared
to normal tissue (Fig. 1B). Investigating the clinical relevance of TPL2 mRNA expres-
sion in human lung carcinomas, we found no association with histology, TNM or dif-
ferentiation status, age, gender and smoking history. Interestingly, however, low
TPL2 expression correlated with reduced patient survival (Log rank test; p=0.009)
(Fig. 1C). In line with this prediction was the inverse correlation between TPL2 mRNA
levels and Ki67 proliferation index (Fig. 1D), indicating that reduced levels of TPL2
are associated with a more aggressive tumor phenotype. To exclude the possibility
that this reduction associates with the presence of normal cells in the tumor stroma
and confirm that it reflects changes in the malignant cells, we analyzed TPL2 by
immunohistochemistry in 20 representative NSCLC specimens containing tumor and
non-tumoral tissue. In non-tumoral bronchial epithelium TPL2 displayed a strong,
homogeneous, cytoplasmic granular staining with a prominent apical orientation. In
contrast, TPL2 expression in malignant cells was significantly reduced in a heteroge-
neous manner (Fig. 1E). Of note, tumor cells in one NSCLC case were found negative

for TPL2 expression.
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Figure R1: Inspection of transcriptome profiles registered in the Oncomine database
indicates that expression of Tpl2 mRNA is approximately 4 times lower in human
lung tumors compared to the normal bronchial epithelium. The Tpl2 profile in (A) has
been retrieved from Beer et al. and in (B) from Bhattacharjee et al. . The log2 medi-
an-centered intensity of the tumor versus normal lung Tpl2 expression in the study

by Beer et al. is also shown in (A).
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Figure R2: Tpl2 levels are reduced in human lung tumors and associate with poor pa-
tient survival. (A) Comparison of COT mRNA expression in the 100 available pairs of
NSCLCs (37 adenocarcinomas and 63 squamous cell carcinomas) and adjacent nor-
mal lung tissues by qPCR. Results were normalized to the housekeeping -actin gene
and are expressed as relative quantification (RQ) values utilizing the IMR-90 human
fibroblast cell line as calibrator. The reduction of COT mRNA levels in tumor (T) ver-
sus normal (N) tissue is profound (p value obtained from Wilcoxon’s test). Stars and
circles in the box plot indicate outliers. (B) COT protein levels are reduced in primary
lung tumor samples compared to adjacent normal tissue. COT is expressed as 2 iso-
forms, noted with arrows, generated by the utilization of alternative translation start
sites at methionine 1 and methionine 30. (C) Kaplan-Meier survival plot showing the
cumulative survival of lung cancer patients who displayed more than 2-fold reduc-
tion in COT mRNA levels in their tumors compared to normal tissue and of patients
with < 2-fold reduction in expression levels. Patients with low COT expression have
median survival of 16.2 months (95% Cl 11.8-20.6) compared to those with < 2-fold
reduction who have median survival of 28.8 months (95% Cl 18.4-39.2) (p= 0.009;
Log rank test).(D) Inverse correlation between COT mRNA 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’s correlation). (E) Rep-
resentative immunohistochemical analysis showing a marked down-regulation of
TPL2 expression in malignant cells (arrowheads) compared to normal epithelium (ar-
rows) (400X final magnification, objective lense 40X/0.65). Bars correspond to

200um.
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TPL2 deficiency enhances susceptibility to experimental lung carcinogenesis.
On the basis of the aforementioned findings we experimentally evaluated the func-
tional significance of TPL2 down-regulation in lung carcinogenesis. We thus exam-

+/+

ined the relative susceptibility of thZ'/' versus tpl2”" mice to develop lung tumors
when exposed to urethane, a chemical carcinogen which induces lung tumors in
mice that have similar molecular and histological features to human lung adenocar-
cinoma (Malkinson, 1992; To et al., 2008; Zhang et al., 2001). Interestingly, at 4
months post-treatment all tplZ'/' mice were found to already harbor multiple lung
adenomas whereas only hyperplasia, without atypia, had developed in wild-type an-
imals (Fig. R3A and R3B and Table R1). Ki67 staining was increased in hyperplastic
lesions from tpl2'/' compared to t‘plZJ'/+ mice (Fig. R4A and R4B). At six months after
urethane administration, lungs from tp/Z'/' animals contained significantly higher
numbers of adenocarcinomas compared to tp/2+/+ mice. The tumors developed in
tp/2'/' mice showed loss of normal alveolar architecture, increased nucle-
ar/cytoplasmic ratio, cytologic atypia and invasion into adjacent bronchioles. Ure-
thane-exposed tplZ+/' mice were also found to possess higher number of lung adeno-
carcinomas compared to wild-type animals. At 12 months, the effect of Tpl2 defi-
ciency was macroscopically evident by the dramatic difference in the size of lung tu-
mors developed in these animals (Fig. R4C), indicating that Tpl2 ablation not only
influences the carcinogenic process at an early stage but also exerts positive effects
during tumor growth. In agreement with the latter observation, urethane-induced
mouse lung tumors express lower levels of Tpl2 than normal lung tissue (Fig. R5A)
and the knock-down of TPL2 in A549 and H1299 human lung carcinoma cells in-

creased their anchorage-independent growth in vitro (Fig. R5C).
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Figure R3: Tpl2 suppresses lung cancer growth in vivo. (A) Hematoxylin and eosin stain-
ing of lung tissue isolated from TpIZJ'/+ and TpIZ‘/' mice at 4 and 6 months post-treatment
with the chemical carcinogen urethane. AAH: atypical adenomatous hyperplasia ;
AdenoCa: adenocarcinoma. (B) The basal membrane and the alveolar architecture are
significantly disrupted in TpIZ'/' mice sacrificed in less than 4 months post treatment,
while wild type animals remain unaffected.

Table R1: Summary of histopathology data of TpIZJ'/+ and TpI2'/' mouse lung sections iso-
lated at 4 and 6 months post-treatment with the chemical carcinogen urethane. A total
of 3 independent experiments using 15 TPL2** and 18 TPL2”" mice have been performed

with similar results.
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Figure R4: Tpl2 ablation promotes both tumor initiation and progression in vivo. (A)
Representative immunohistochemical analysis of Ki67 status in hyperplastic lung
tissue from urethane-treated Tpl2** and Tpl2”" mice. The arrows show Ki67-positive
cells. (B) Collective data of Ki67 staining in normal and AAH from urethane-treated
TpI2+/+ and TpIZ’/’ mice (n=4) Ki67 proliferation index is increased in hyperplastic
TpI2'/' compared to TpI2+/+ lung lesions. (C) Lungs of TPL2+/+ and TPL2-/- mice at 12
months post-treatment with the chemical carcinogen urethane. Representative tu-

mors are shown by arrow.
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Figure R5: Tpl2 reduction directly favors cancer cell survival and proliferation. (A)
Lung tumors dissected and pooled together (a.k.a. areas 1-11 as depicted in (B))
from wild type mice exposed to urethane display reduced Tpl2 levels compared to
normal lung tissue. Lysates of tumor vs normal lung tissue from each mouse were
analysed individually (C) Tpl2 knock-down enhances anchorage-independent growth
in lung cancer cell lines, as determined by colony formation assays in soft agar. The
number of colonies formed per 30000 plated cells was measured and presented in

histogram form as the mean #s.d. of three independent experiments.
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The increased susceptibility of Tpl2 " mice in chemically induced lung carcinogene-
sis is inflammation independent

It has recently been reported that TPL2 ablation enhances inflammation induced by
the Apc ™" mutation resulting in dramatic increase in polyposis (Serebrennikova et
al., 2012). Theoretically, an exaggerated inflammatory response caused by urethane
administration in TPL27" mice could be responsible for their increased susceptibility
to lung tumorigenesis. We thus analyzed immune cell content in lungs, draining
lymph nodes and spleens from TPL2” and TPL2"* mice at 2 and 10 weeks following
urethane treatment, that is during the early stages of adenoma development. Histo-
logical assessment of H&E-stained lung tissue sections did not reveal differences in
immune cell load between mouse strains before or after urethane administration
(data not shown). Flow cytometric analysis of CD3+, CD4+ and CD8+ T cells, macro-
phages and natural killer cells (NK) in the lungs and the draining lymph nodes and of
CD3+, CD4+, CD8+, macrophages, NK, Grl1+/CD11b+ myeloid-derived suppressor cells
(MDSCs), and natural killer T (NKT) cells in the spleens of Tpl2-/- and Tpl2+/+ mice
exposed to urethane also did not reveal differences between strains (Fig. R6). Final-
ly, quantification of soluble mediators of inflammation, such as TNF, IL-10 and IL-6 in
blood serum by ELISA did not reveal any changes above background level in either
TPL27 or TPL2* mice (data not shown). Collectively, these data do not indicate an
association between TPL2 status and systemic or local inflammation at early stages

of urethane-induced lung carcinogenesis.
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Figure R6: Representative results after analysis of lymphoid cell populations in the
spleens of Tpl2+/+ and Tpl2 -/- mice exposed to urethane. No statistically significant

difference between the two strains was revealed.
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Genetic and epigenetically-controlled mechanisms account for TPL2
down-regulation in human lung cancer.

52% of the human lung cancer speciments inspected harbored LOH in tp/2 locus

The aforementioned observations suggest that TPL2 may physiologically function as
a suppressor of lung carcinogenesis and warranted further investigations into the
molecular mechanisms that account for the reduced TPL2 expression in human lung
cancer. Our inspection of the genome-wide loss of heterozygosity (LOH) and DNA
copy number database of tumor cell lines available at the Wellcome Trust Sanger

Institute Cancer Genome Project web site http://www.sanger.ac.uk/ genetics/CGP)

indicated allelic imbalance at the MAP3K8 locus (chr 10p11.23) in a number of hu-
man lung cancer cell lines (Fig. R7) which correlated with reduced TPL2 expression
(Fig. R8). We thus employed fluorescent microsatellite analysis at four positions on
the TPL2 gene (two internal and two flanking; Fig. R9A), to assess loss of
heterozygosity (LOH) in the available set of human primary lung tumors. Allelic im-
balance at the TPL2 locus was observed in a significant 52% of primary lung tumors
(Fig. R9B). Cases with LOH displayed lower TPL2 mRNA levels although at borderline
significance (Mann-Whitney test p=0.051; Fig. R9C), indicating contribution of addi-
tional mechanisms affecting TPL2 expression in lung cancer.

We thus surmised that TPL2 could be subject to epigenetic silencing, as observed in
certain tumor suppressor genes. The presence of a putative CpG island located at
positions -973 to +981 relative to the TPL2 transcription start site (Fig. R9A), indicat-

ed by in silico analysis (http://cpgislands.usc.edu/) was in line with this notion. How-

ever, the results of Pyrosequencing methylation analysis (PMA) demonstrated ab-

sence of TPL2 promoter methylation in either normal or malignant tissue (Fig. R10).
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Figure R7: Data mining of the genome-wide SNP analysis database indicates LOH in

the Tpl2 locus in human lung cancer lines. Red arrows correspond to the area of the

genome where the tp/2 locus is mapped. Absolute copy number < 2 means loss of

the allele mapped in the specific locus of the genome.
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Figure R8: Correlation between Tpl2 mRNA and protein levels in human lung tumor
cell lines. (A) mRNA from human lung cancer cell lines available in our lab was sub-
jected to Real Time PCR and representative lines with low, median and high expres-
sion of Tpl2 were chosen to be further analysed. (B) CRL5802, CORL88, CALU-1,
SKLU-1, H358 and A549 cells were then subjected to immunoblotting using anti- Tpl2
or anti-B-tubulin antibodies. (C) RNA from the same cultures was subjected to Real
Time PCR to confirm that protein levels correlate directly with the transcriptional

changes of tpl2 expression levels.
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Figure R9: Allelic imbalance partly accounts for the down-regulation of TPL2 in hu-
man lung cancer. (A) Schematic representation of the tp/2 locus on human chromo-
some 10 and relative positions of microsatellite repeats MS1, MS2, MS3 and MS4,
used as markers for detection of LOH. Numbering refers to the transcription start
site, TSS. The position of a putative CpG island in the TPL2 promoter is also indicated.
(B) Example of allelic imbalance / loss of heterozygocity (LOH) in the tpl2 locus in a
pair of normal and tumor sample from a lung cancer patient. Electropherogram trac-
es for the normal (N) and tumor (T) genotypes are shown, with the two peaks repre-
senting the two alleles. An allelic ratio cut-off level of 0.75 (25% reduction of one al-
lele intensity) was used to score LOH (Liloglou et al., 2001). (C) Expression of Tpl2
RNA, measured by Real Time PCR, in relation to allelic imbalance (LOH) in the tp/2
locus. (D) Collective data of allelic imbalance analysis of the Tpl2 locus in 96 pairs of
NSCLC and normal adjacent tissue using the 4 microsatellite markers shown in (A).
Red boxes represent LOH, blue boxes show retention of heterozygosity and white

boxes represent homozygous (non-informative) loci.
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Figure R10: The Tpl2 promoter is not differentially methylated in human lung cancer
vs normal lung tissue. Representative pyrograms from Pyrosequencing-Methylation
Analysis of the Tpl2 promoter in a human lung tumor sample. 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) as schematically represented by the or-
ange circles in the upper panel. The second assay (Tplmeth2) covered CpGs within
the 5’UTR (positions 27, 30, 38, 53, 55, 68 and 70 relative to TSS). The letters below
each graph represent the dispensation order (E, enzyme mix; S, substrate; A, G, C, T,
nucleotides). Grey lanes indicate the CpG sites that were analyzed and the y-axis de-

picts the light levels produced following the incorporation of each nucleotide.
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DNA hypomethylation-associated upregulation of miR-370 is in part responsible for
Tpl2 downregulation

Recent work has indicated that miR-370 (Table R2) negatively regulates the expres-
sion of TPL2 in malignant cholangiocytes (Meng et al., 2008). 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 levels (Fig. R11A). To determine if this
pathway could operate in human lung cancer, we evaluated miR-370 expression by
Real Time PCR in the lung cancer set under evaluation. This analysis demonstrated
that miR-370 levels are elevated in the malignant versus normal tissue (Wilcoxon’s
test p=0.001) (Fig. R11B). As miR-370 is embedded in a CpG island and is subject to
epigenetic control (Meng et al., 2008), we evaluated by PMA the methylation status
of this region (Fig. R11C). The results showed a statistically significant reduction of
miR-370 methylation levels in the tumor tissue (p<0.001; Wilcoxon’s test; Fig. R11D).
Moreover, this reduction closely correlated with the methylation status of the retro-
transposable LINE-1 element (Chalitchagorn et al., 2004; Daskalos et al., 2009) sug-
gesting that miR-370 hypomethylation in NSCLC is most likely the result of global ge-

nome hypomethylation (Spearman’s r=0.621, p<10®; Fig. R11E).
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Table R2: hsa-microRNA 370. (A) Stem loop sequence of pre-mir370. Pink coloured
bases correspond to the mature sequence. (B) mature mir370 sequence
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Figure R11: An epigenetic mechanism of Tpl2 expression regulation involving
miR370. (A) Tpl2 protein levels are reduced in A549 lung cancer cells transfected
with miR-370 for different time points. Results are representative of 3 independent
experiments. (B) Expression of miR-370 (RQ value) was measured in 96 carcinoma
specimens and paired normal lung tissue by Real Time PCR, demonstrating signifi-
cantly higher miR-370 levels in the tumor tissues (Wilcoxon’s test, p=0.001). (C) Rep-
resentative pyrograms from Pyrosequencing-Methylation Analysis of the miR-370
locus in a lung tumor (T) and corresponding normal (N) adjacent tissue. Grey areas
indicate the CpG sites that were analyzed at positions -9, -18, -42, -48, -60 and -80
relative to the transcription start site (TSS) of the pre-miRNA sequence, which are
schematically represented by orange circles in the upper panel. The letters below
each graph represent the dispensation order (E, enzyme mix; S,substrate; A, G, C, T,
nucleotides). The y-axis depicts the light levels produced following the incorporation
of each nucleotide. Percentages indicate the extent of bisulfate conversion of Cto T;
unmethylated C should be fully converted to T. (D) The miR-370 locus is significantly
(Wilcoxon’s test, p<0.001) hypomethylated in lung tumors (T) compared to normal
lung epithelium (N). The methylation index of the miR-370 locus was calculated from
Pyrosequencing-Methylation Analysis 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. Methylation of miR-370
correlates with LINE-1 element methylation index suggesting that miR370
hypomethylation in NSCLC is a result of global genome hypomethylation (r coeffi-

cient and p value obtained from Spearman’s correlation).
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Oncogenic Ras mediates down-regulation of TPL2

Activating mutations in ras genes have been recorded in 25-40% of lung tumors. A
recent study has shown that oncogenic RAS stimulates a TBK1-dependent signaling
pathway in vitro which leads to reduction in p105 NF-kB1 protein levels (Barbie et al.,
2009). NFkB1 physically interacts with and regulates the stability of TPL2 as high-
lighted by the fact that TPL2 is absent in macrophages (Beinke et al., 2003;
Waterfield et al., 2003) and lung tissue (Fig. S1) from NFKB1-/- mice. We therefore
reasoned that by modulating NF-kB1 levels, activated RAS may impact on TPL2 ex-
pression. We have explored this association in A549 and H1299 human lung carci-
noma cells stably transfected with HA-tagged H-RASG12V expression vector or in-
fected with K-RASG12V-expressing retrovirus, respectively. Interestingly, we found
that the expression of either form of oncogenic RAS mediates dramatic down-
regulation of TPL2 concomitant to reduction in NF-kB1 expression (Fig. 5A & 5B). The
lower protein levels of TPL2 in A549/H-RASG12V clones associated with impaired
ERK phosphorylation in response to TNF (Fig. 5C), a hallmark of TPL2 signaling defect
in macrophages (Eliopoulos et al., 2003). The functional link between reduced TPL2
expression and defective ERK activation was confirmed in parental A549 cells trans-
fected with TPL2 siRNA. As shown in Figure 5D, the RNAi-mediated knock-down of
TPL2 impaired TNF induced ERK phosphorylation. Stable expression of mutated RAS
also diminished TPL2 mRNA levels (Fig. 5E), suggesting that oncogenic RAS signaling
may affect TPL2 gene transcription in addition to protein stability. In line with this
observation, stable or transient expression of oncogenic forms of K-RAS or H-RAS in
transformed (Fig. 5F) and non-transformed (Fig. 5G) cells suppressed TPL2 promoter
activity. We furthermore observed reduced levels of TPL2 (Fig. 5H) in lysates from
mouse lungs expressing K-RASG12D (Schramek et al., 2011) suggesting that oncogen-

ic RAS may also down-regulate TPL2 expression in vivo.
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Figure R12: Down-regulation of TPL2 levels by activated Ras associates with cell sur-
vival and oncogenic transformation. (A) Stable transfection of oncogenic ras leads to
down-regulation of p105 NF-kB1 and TPL2 expression. Lysates from parental (lane 1),
control vector (vec)-transfected (lane 2) or three HAtagged H-RASG12V — transfected
A549 clones (lanes 3-5) were immunoblotted with antibodies against HA, NF-kB1,
TPL2 or B-actin, as indicated. (B) Expression of K-RASG12V in retrovirus-transduced
H1299 lung cancer cells results in reduced p105 NF-kB1 and TPL2 levels. CV; control
virus. (C) Defective TNF-induced ERK activation in lung cancer cells expressing onco-
genic ras. A549/H-RASG12V cells were stimulated with 25ng/ml TNF and lysates
were analyzed for IkBa degradation, a hallmark of canonical NF-kB signaling, ERK
phosphorylation (pERK) and B-tubulin expression by immunoblot. Results are repre-
sentative of 3 independent assays. (D) The knock-down of TPL2 in A549 cells results
in defects in TNF-induced ERK response cells were transfected with siRNA targeting
Tpl2 or control siRNA and then stimulated with TNF as described in (C). Results are
representative of at least 3 independent experiments. (E) TPL2 mRNA expression,
easured by qPCR, is reduced in the H-RASG12V — expressing A549 clones described in
(A). (F) Stable expression of H-RASG12V (clone 2) or transient transfection of H-
ASG12Vor K-RASG12Vin A549 tumor cells results in suppression of tpl2 promoter ac-
tivity measured by luciferase reporter assays. (G) Transient expression of H-RASG12V
or K-RASG12V in non-tumorigenic 293 cells results in suppression of TPL2 promoter
activity. HEK 293 cells were co-transfected with 50ng of a reporter construct contain-
ing the Luciferase gene under the control of the TPL2promoter, a Renilla reporter to
control for transfection efficiency and 30ng of ras vectors as indicated. The mean
relative luciferase values (ratio of Luciferase to Renilla activities + SD) from 4 inde-
pendent experiments ware determined and expressed relative to control vector
which was given the arbitrary value of 100. (H) TPL2 levels are reduced in lysates

from mouse lungs expressing K-RASG12D.
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Down-regulation of TPL2 levels by activated RAS associates with cell survival and
oncogenic transformation.

To assess the biological significance of the impact of oncogenic RAS on TPL2 levels,
we transiently introduced a TPL2-expressing vector in A549/HRas G12V cell clones
which display strong suppression of endogenous TPL2 (Fig. 5A), and observed de-
creased cell proliferation (not shown) and elevated levels of apoptosis (Fig. 6A).
TPL2-mediated cytotoxicity required caspase activation as it was abolished by treat-
ment with the pan-caspase inhibitor zZVAD-fmk. Moreover, the pro-apoptotic effect
of TPL2 on RASG12V — transfected cells correlated with increased p53 accumulation
(Fig. 6B) which was alleviated by the RNAi-mediated knock-down of p53 (Fig. 6A).
These data suggest that TPL2 antagonizes oncogenic RAS in transformed cells at least
partly by modulating p53 activity and apoptosis induction. We next investigated
whether TPL2 also counteracts the oncogenic effects of K-RASG12V in non trans-
formed cells. Immortalized 208F fibroblasts were transfected with K-RASG12V in the
presence or absence of a TPL2 expression vector and cell transformation was quanti-
fied by anchorage-independent growth in soft agar. As shown in Figure 6C, expres-
sion of TPL2 reduced the number of foci formed by activated K-RAS by 60% whereas
a kinase-inactive TPL2 mutant had no effect. To determine if the observed novel link
between TPL2 and p53 applies to genotoxic insults in addition to oncogenic stress,
A549 cells were transfected with siRNA targeting TPL2 and then exposed to the DNA
damaging agent cis-platin. The knock-down of TPL2 was found to significantly atten-
uate p53 accumulation and to increase the survival of drug-treated cells (Fig. 6D &
6E). Moreover, the expression of two known p53 regulated genes, cdknla encoding
p21 and bax, was attenuated in lungs from TPL2-/- mice exposed to urethane sug-
gesting that TPL2 may also influence the p53 pathway in vivo (Fig. 6F). Next we ex-

amined the mechanism by which TPL2 impacts on p53 levels.
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Figure R13: 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 hours post-
transfection with Myc epitope-tagged (MT) TPL2 in the presence or absence of
shRNA targeting p53. The TPL2-mediated A549/H-rasG12V cell death was abolished
by the pan-caspase inhibitor zVAD-fmk (15uM). Mean values (* sd) from 3 inde-
pendent experiments are shown. (B) TPL2 expression results in increased accumula-
tion of p53 in A549/H-RASG12V cells. A549 and A549/H-RASG12V clone 2 cells were
transfected with MT-TPL2 or control vector (vec) and analyzed for the expression of
TPL2, p53 and B-actin, as indicated. Similar results were obtained with A549/H-
RASG12V clone 3 cells (data not shown). (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),
plated in soft agar and the number of foci formed 2 weeks later was measured and
presented in a histogram form. Data are the mean # s.d. of three independent exper-
iments. (D) Knock-down of TPL2 in A549 cells confers resistance to cis-platin induced
cytotoxicity. Cells were transfected with TPL2 or luciferase siRNA and then treated
with 25uM cis-platin for 48 hours. Cell survival was determined by using the MT con-
version assay. Data shown are the average of triplicates from a representative exper-
iment. Three additional experiments were performed with similar results. (E) Knock-
down of TPL2 reduces the NPM and p53 induction and the extent of JNK phosphory-
lation in cis-platin treated A549 cells. Cells were transfected with siRNAs targeting
TPL2 or the unrelated luciferase (Luc) gene and then exposed to 25uM cis-platin for
various timeintervals. Lysates were analyzed by immunoblot as indicated. Results are
representative of at least 4 independent experiments. (F) TPL2 impacts on p53 in vi-
vo. To quantitatively assess p53 activation in vivo, RNA was isolated from TPL2+/+
and TPL2-/- mouse lungs at 2 weeks following urethane treatment and used to de-
termine the levels of two established p53-regulated genes, cdknla encoding p21 and
bax by gPCR. The y-axis represents the RQ values determined as described in Figure

1A.
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Functional role of Tpl2 in lung cancer

TPL2 regulates p53 via a INK-NPM signaling pathway.

Nucleophosmin (NPM/B23) is a DNA damage-response gene (Grisendi et al., 2006;
Wu and Yung, 2002) which negatively regulates the interaction of p53 with HDM2
and thus controls p53 stability (Colombo et al., 2002; Kurki et al., 2004). After con-
firming these findings, we found that the knock-down of NPM in A549 cells reduces
p53 accumulation following cisplatin treatment. Our in silico analysis of the NPM
promoter (Chan et al., 1997) indicated the presence of multiple binding sites of
cJun/AP1, a transcription factor that is activated by the JNK signaling pathway. As
TPL2 directly phosphorylates MKK4/7, the JNK kinases (Das et al., 2005; Salmeron et
al., 1996), we surmised that TPL2 may influence the p53 response through JNK-
mediated NPM transactivation. Indeed, TPL2 knock-down attenuated both JNK
phosphorylation and NPM upregulation in cisplatin-treated cells (Fig. R13E). Con-
versely, the overexpression of TPL2 in A549/H-RASG12V clones stimulated JNK phos-
phorylation and led to increased NPM levels concomitant to p53 stabilization (Fig.
R14A). To provide further support for the association between JNK signaling and
NPM transactivation, A549 cells were exposed to the JNK inhibitor SP600125 (Ben-
nett et al., 2001) prior to cisplatin treatment. As shown in Figures R14B and C, inhibi-
tion of JNK activity diminished the effect of cisplatin on NPM protein and mRNA ex-
pression levels. Collectively, these observations identify TPL2 as a novel physiological

regulator of p53 that operates through a JNK-NPM signaling pathway (Model R1).
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Figure R14: Tpl2 leads to JNK activation, which is necessary and sufficient for NPM
transactivation and thus p53 stability. (A) TPL2 expression results in increased accu-
mulation 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
B-actin, as indicated. (B) Treatment of A549 cells with the JNK inhibitor (inh)
SP600125 reduces the cis-patin induced NPM upregulation. Immunoblot results are
representative of 3 independent experiments. Treatment with the MEK inhibitor
PD98059 had no effect on NPM levels (not shown). (C) SP600125 (20uM) inhibits the
cis-patin induced upregulation of NPM mRNA, measured by gPCR. (D) (Model R2) On
the basis of the data presented in this PhD thesis, we propose that TPL2 suppresses
lung carcinogenesis by mediating JNK-dependent NPM upregulation and p53 accu-
mulation in response to DNA damage induced by genotoxic agents or oncogenic
stress. The downregulation of TPL2 as a result of genetic or epigenetic aberrations
(LOH, overexpression of miR-370 or oncogenic Ras signaling) diminishes JNK and p53

responses leading to reduced cell death and accelerated cell transformation.
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Data presented in this study delineate a novel function for TPL2 in lung cancer.
Based on the analysis of primary human lung tissue and established cell lines, we
propose that the operation of multiple genetic (LOH, ras mutations) and epigenetic
(miR-370 hypomethylation) aberrations leading to loss of TPL2 in lung cancer is not
coincidental and points to a previously unappreciated significant role for the TPL2
pathway in this type of malignancy. This 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. Further evidence is provided by the demonstra-
tion that TPL2-deficient mice display increased susceptibility to chemically-induced
lung carcinogenesis during both the initiation and progression of the disease. This
finding, coupled with the recently published work showing that TPL2 ablation en-
hances the oncogenic potential of the Apc™ mutation in the gut (Serebrennikova et
al., 2012), indicates that TPL2 may have a broader role as negative regulator of car-
cinogenesis. However, whereas the enhancement of polyposis in ApcminM TPL27"
mice was found to be partially (but not exclusively) hematopoietic cell-driven, the in
vitro and in vivo data shown in this thesis suggest that TPL2 also confers significant
effects on epithelial cells in response to genotoxic and oncogenic insults. In agree-
ment with these observations, urethane is known to metabolize to mutagenic medi-
ators in Clara and type Il alveolar epithelial cells, the progenitors of lung adenomas
(Meuwissen and Berns, 2005; Tuveson and Jacks, 1999), and the accelerated early
lesions observed in TPL2™~ mice occur in the absence of heightened systemic or local
inflammatory response compared to wild-type animals.

Human lung cancer is characterized by extensive alterations of microRNA expression
and allelic imbalance which may influence cancer-related genes and thus impact on
patient survival (Herbst et al., 2008; Yanaihara et al., 2006). Known targets of loss of
heterozygocity (LOH) in lung cancer include tumor suppressor genes such as
RASSF1A, p16 and p53 (reviewed in Herbst et al., 2008). Our data demonstrate for
the first time that the TPL2 gene locus is subject to LOH in a human malignancy re-
sulting in reduced TPL2 expression (Fig. 3). LOH and diminished TPL2 levels were also
noted in established lung cancer cell lines such as COR-L88, NCI-H226 and NCI-H720

(our unpublished observations).
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The molecular mechanisms accounting for the altered expression of microRNAs in
lung cancer are unclear (Herbst et al., 2008; Yanaihara et al., 2006). Our finding that
miR-370 is upregulated in primary lung tumors and is closely associated with re-
duced TPL2 levels (Fig. 4) expands our appreciation of the in vivo effects of mi-
croRNAs on gene expression. Moreover, our data reveal a novel mechanism of in vi-
vo regulation of microRNA expression influenced by global DNA hypomethylation.
Aberrant methylation of CpG dinucleotides is a commonly observed epigenetic modi-
fication in human malignancies 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, APC and DAPK in
lung cancer (Herbst et al., 2008). Despite the presence of a rich CpG island in the
TPL2 promoter, we found no evidence of it being differentially methylated in tumor
versus normal lung tissue. However, we propose that TPL2 gene expression may in-
directly be affected by global genomic DNA hypomethylation through the epigenetic
regulation 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
(Chalitchagorn et al., 2004), correlates with genomic instability (Daskalos et al., 2009)
and has been identified as independent marker of poor prognosis in early stage
NSCLC (Saito et al., 2010). It is thus tempting to speculate that the down-regulation
of TPL2 associated with 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 25-40% of human NSCLC carry activating mutations
in K-ras (Slebos et al., 1990) and infrequently H-ras (Sugio et al., 1992) genes which
represent an early event in lung carcinogenesis and mark poor prognosis. Experi-
mental evidence supporting the role of this gene in lung cancer comes from trans-
genic mice expressing mutated K-ras in which atypical adenomatous hyperplasia and
adenocarcinoma develop (Meuwissen and Berns, 2005; Tuveson and Jacks, 1999). K-

ras is also mutated in a proportion of urethane-induced lung tumors (Massey et al.,
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1995). In these models, oncogenic RAS promotes carcinogenesis through a signaling
pathway which critically depends on c-RAF (Blasco et al., 2011) and NF-kB (Meylan et
al., 2009; Stathopoulos et al., 2007) and is inhibited by wild-type RAS (Zhang et al.,
2001). In vitro analyses based on RNAi screens also point to NF-kB and the atypical
IkB kinase family member TBK1 as positive regulators of survival and tumorigenicity
of human lung cancer cells bearing mutated K-ras (Barbie et al., 2009). Data present-
ed in this thesis show that elevated levels of oncogenic RAS mediate the
downregulation of TPL2 in vitro (Fig. 5A & 5B) and in vivo (Fig. 5H) and that co-
expression of these genes is incompatible for optimal tumor cell survival and malig-
nant transformation in vitro (Fig.6A & 6C). These findings thus identify TPL2 as a
novel physiological antagonist of activated RAS in both transformed and non-
transformed cells and provide a mechanistic explanation for the down-regulation of
TPL2 expression by oncogenic RAS (Fig. 7). Which is the molecular pathway that
modulates the antagonistic relationship between RAS and TPL2?

Our results suggest that in response to oncogenic stress or genotoxic agents, TPL2
participates in JNK-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 (Levine
and Oren, 2009). We show that low TPL2 levels lead to diminished JNK and p53 re-
sponses, reduced cell death and accelerated malignant transformation. In line with
these in vitro findings, TPL2 ablation in mice associates with diminished p53 re-
sponses to the mutagen urethane, as determined by the impaired upregulation of
two p53 target genes, bax and cdknla (Fig. 6F). Collectively, these data define TPL2
as a regulator of the p53 pathway and provide a mechanistic explanation for the op-
eration of multiple pathways leading to down-regulation of TPL2 in human lung can-
cer (Fig.1).

However, TPL2 may have a broader role in dictating the balance between cell surviv-
al and death, thereby influencing tumorigenicity and/or the response to therapy. In-
deed, an RNAi screen performed in breast cancer cells has shown that reduced TPL2
expression associates with resistance to TRAIL-induced apoptosis (Ovcharenko et al.,

2007), a p53-independent process (Chinnaiyan et al., 2000). Our findings, coupled
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with a recent study describing a lung tumor suppressor function for the JNK kinase
MKK7 (Schramek et al., 2011) expand our appreciation of the impact of MAP3 kinas-
es in malignancy providing a telling example of how tumor cells usurp MAP kinase
pathways which lower intrinsic barriers to malignant transformation. Finally, our re-
sults suggest that re-evaluation of Tpl2 inhibitors in therapeutic regimes for chronic
inflammatory diseases may be required (149), as inhibition of Tpl2 may lead to re-
duced p53 response and increased susceptibility to malignancy.

The rationale presented in this thesis highlights the importance of the secondary
tumor suppressors (such as Tpl2 as proved here) and their regulators in carcinogene-
sis: When the cell senses an inappropriate proliferative signal, (as it would if its en-
dogenous Ras gene were mutated to an oncogenic form), it responds by activating
its tumor-suppressor activity. Cancer cells that have inactivated tumor suppressor
responses (as in the case of Tpl2 in the lungs), outgrow inside the population of tu-
mor cells and eventually dominate in a local tissue environment. Accordingly, multi-
step tumor progression can be portrayed as a succession of clonal expansions, each
of which is triggered by the chance acquisition of an enabling “mutant” genotype.
This selective plasticity acquired by neoplastic cells is one of the major drawbacks in
the cancer’s therapeutic targeting. Most of the targeted cancer drugs developed to
date have been deliberately directed toward specific molecular targets that are in-
volved in one way or another in enabling particular capabilities (mentioned as hall-
marks during the “introduction”). Such specificity of action has been considered a
virtue, as it presents inhibitory activity against a target while having, in principle, rel-
atively fewer off-target effects and thus less nonspecific toxicity. In fact, each of the
core hallmark capabilities is regulated by partially redundant signaling pathways.
Consequently, a targeted therapeutic agent inhibiting one key pathway in a tumor
may not completely shut off a hallmark capability, allowing some cancer cells to sur-
vive with residual function until they or their progeny eventually adapt to the selec-
tive pressure imposed by the therapy being applied. Such adaptation, which can be
accomplished by mutation, epigenetic reprogramming, or remodeling of the stromal
microenvironment, can reestablish the functional capability, permitting renewed

tumor growth and clinical relapse. Given that the number of parallel signaling path-
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ways supporting a given hallmark must be limited, it may become possible to target
all of these supporting pathways therapeutically, thereby preventing the develop-
ment of adaptive resistance. Taking this into account, the elucidation of the molecu-
lar mechanisms regulating Tpl2 expression during lung carcinogenesis may lead us
one step closer to a wiser therapeutic approach, targeting efficiently cancer-driven

activation of pathway redundancy.
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MAPK
ERK
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9. Abbreviations

Tumor progression locus 2
Cancer Osaka Thyroid

c-Jun N-terminal Kinase
Nucleophosmin

Mitogen Activated Protein Kinase
Extracellular signal-regulated kinase
A20-binding inhibitor of NFkB
Nuclear factor k-light-chain-enhancer of activated B cells
Inhibitor of kB

IkB Kinase

G-protein coupled receptor

Toll like Receptor

Tumor Necrosis Factor
Interleukin- #

Microsattelite

Microsattelite Instability

Loss of Heterozygosity
Transcription Start Site
microRNA 370

Non Small Cell Lung Cancer

Small Cell Lung Cancer

Murine double minute 2

Human double minute 2
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