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I. GASTRIC)CANCER)

1.Epidemiology)
Almost+one+million+new+cases+of+gastric+cancer+(GC)+were+diagnosed+in+2012+(952,000+cases,+6.8%+

of+ the+ total),+ making+ it+ the+ finh+ most+ common+ malignancy+ in+ the+ world,+ aner+ lung,+ breast,+

colorectal+ and+ prostate+ cancers+ according+ to+ the+ World+ health+ organisa6on+ (WHO)+ database+

(Mihmanli*and*al.,*2016).+This+represents+a+decrease+since+the+very+first+es6mates+in+1975+when+GC+

was+ the+ most+ common+ cancer,+ but+ survival+ rates+ remains+ low.+ There+ is+ a+ disparity+ in+ the+

geographical+distribu6on+and+socioKeconomic+groups+of+GC+with+the+highest+ incidence+ in+Eastern+

Asia+ (Korea,+Mongolia,+ Japan,+ China),+ Central+ and+ Eastern+ Europe+ and+ South+ America+ (Figure) 1;)

Crew*and*al.,*2006*).+Indeed,+more+than+70%+of+cases+occur+in+developing+countries,+and+half+the+

world+total+occurs+in+Eastern+Asia+(mainly+in+China).+GC+is+two+6mes+more+common+in+men+than+in+

women+and+it+represents+the+third+leading+cause+of+cancer+death+in+both+sexes+worldwide+(723,000+

deaths,+8.8%+of+the+total),+due+to+a+late+diagnosis+and+the+limited+range+of+treatment+op6ons+(Torre*

and*al.,*2015).++

Figure)1:)GLOBOCAN,)Es;mated)Incidence,)Mortality)and)Prevalence)Worldwide)in)2012)
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In+ GC,+ two+ different+ topographies+ can+ be+ dis6nguished:+ the+ distal+ cancer+ reaching+ the+ pyloric+

region,+ the+antrum,+body,+or+ fundus,+and+ the+proximal+cancer+ reaching+ the+cardia+ region+ (Karimi*

and*al.,*2014).+Incidence+rates+and+risk+factors+showed+differences+according+to+tumor+types,+with+

upward+trends+in+cardia+GC+type+incidence+(Alberts*and*al.,*2003).+In+fact,+in+developing+countries,+

GC+ is+ mostly+ related+ to+ the+ infec6on+ by+ Helicobacter* pylori+ with+ intes6nal+ histology+ type.+

Conversely,+in+Eastern+Europe+and+USA,+there+are+more+diffuse+GC+from+cardia+region+that+are+more+

aggressive+and+difficult+to+treat+(Pacelli*and*al.,*2001).+It+is+precisely+the+laqer+type+of+GC+which+is+

increasing+in+developed+countries.+For+example,+in+France+it+represents+4500+deaths+per+year+due+in+

part+to+lack+of+efficacy+of+current+treatments+(Figure)2).)

Figure) 2:) Propor;on) of) cardia) and) nonccardia) gastric) cancers) in) men) in) selected) European)

countries.)Ferrero*and*al.,*2014)

Decrease+ of+ distal+ GC+ during+ the+ last+ decade+ can+ be+ explained+ by+ a+ beqer+management+ of+ the+

infec6on+of+Helicobacter*pylori,+a+beqer+diet+ (fresh+ fruits+and+vegetables),+a+decrease+ in+ tobacco++

and+salt+consump6on.+Conversely,+ increase+ in+proximal+GC+type+ is+due+to+a+ rise+ in+obesity,+acidic+

reflux+and+a+beqer+classifica6on+of+the+cancer+(Terry*and*al.,*2002;+see#risk#factors#sec,on).+
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The decline in gastric cancer has become gradually
smaller in some countries, particularly the USA. In
France, mortality rates are predicted not to further
decrease over the next years in the middle-aged
population, in agreement with a less favourable tendency
in most recent cohorts [26]. This is probably explained by
the fact that a low and stable prevalence of H. pylori infec-
tion has been achieved in these countries long time ago.

Tobacco consumption – which also accounts for a
sizable proportion of gastric cancer cases [36] – has been
long declining in men from most of the countries with
the lowest gastric cancer mortality [37], while trends in
smoking have been less favourable in Southern or East-
ern Europe [37,38]. In Japan, smoking prevalence has
been high among men, particularly among those born
before the late 1950s [39].
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2.Classifica;ons)of)gastric)carcinoma)
Around+ 95%+ of+ GC+ are+ adenocarcinoma+ and+ the+ others+ are+ lymphoma+ (4%)+ and+ malignant+

gastrointes6nal+stromal+tumors+(GIST,+1%)+(Kumar*and*al.,*2013).+Several+classifica6ons+exists,+GC+

can+ be+ clinically+ classified+ as+ a+ true+ GC+ in+ an+ early+ and+ advanced+ stage+ or+ a+ grastroesophagal+

junc6on+ adenocarcinoma+ to+ help+ determine+ appropriate+ interven6on,+ and+ histologically+ into+

subtypes+based+on+major+morphologic+component.+ In+50+years+of+systema6c+classifica6on+of+ the+

GC+pathohistological+characteris6cs,+there+is+no+sole+classifica6on+system+that+is+consistently+used+

worldwide+in+diagnos6cs+and+research+(Berlth*and*al.,*2014).+

2.1. Clinical*classifica-ons*

The+ stomach+ is+ divided+ into+ several+ anatomic+ subsites,+ including+ the+ cardia+ (top+ inch+ of+ the+

stomach),+fundus,+body,+soKcalled+the+proximal+site+and+the+pylorus,+and+the+antrum,+the+distal+site.+

These+ areas+ are+ dis6nguished+ by+ anatomic+ demarca6ons+ and+ histological+ differences+ (Figure) 3;+

American* Cancer* Society).+ It+ is+ important+ to+ discriminate+ cancers+ arising+ from+ the+ cardia+ region+

including+those+from+the+gastroesophagal+junc6on+(GOJ)+and+those+coming+from+the+other+parts+of+

the+ stomach+ (nonKcardia+ GC),+ because+ they+ have+ different+ epidemiologic+ paqerns+ and+ causes+

(Karimi*et*al,*2014;*Forman*and*al.,*2006).+

Figure)3:)Anatomical)disposi;on)of)stomach,)American*Cancer*Society)

2.1.1. Cancers+at+gastric+cardia+region+and+gastroesophageal+junc6on+

It+is+noteworthy+that,+many+studies+are+trying+to+define+criteria+to+classified+tumors+arising+from+the+

cardia+region+of+the+stomach+especially+if+they+involve+the+GOJ+and+the+distal+oesophagus,+into+GC+
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Parts of the stomach 

The stomach has 5 parts: 

 

• Cardia: The first portion (closest to the esophagus)  

• Fundus: The upper part of the stomach next to the cardia.  

• Body (corpus): The main part of the stomach, between the upper and lower parts 

• Antrum: The lower portion (near the intestine), where the food is mixed with gastric 
juice 

• Pylorus: The last part of the stomach, which acts as a valve to control emptying of 
the stomach contents into the small intestine.  

The first 3 parts of the stomach (cardia, fundus, and body) are sometimes called the 
proximal stomach. Some cells in these parts of the stomach make acid and pepsin (a 
digestive enzyme), the parts of the gastric juice that help digest food. They also make a 
protein called intrinsic factor, which the body needs to absorb vitamin B12.  

The lower 2 parts (antrum and pylorus) are called the distal stomach. The stomach has 2 
curves, which form its inner and outer borders. They are called the lesser curvature and 
greater curvature, respectively.  



or+oesophagus+cancer.+As+yet,+there+is+no+universal+guideline+regarding+the+anatomic+defini6on+of+

gastric+ cardia+ (Hayakawa* and* al.,* 2016;* Wi^ekind,* 2015).+ To+ improve+ this+ classifica6on,+ the+

American+Joint+Commiqee+in+collabora6on+with+the+Japan+Gastric+Cancer+Commiqee)reviewed+the+

TNM+classifica6on+of+GC.+Tumor+node+metastasis+(TNM)+staging+provides+guidance+for+selec6ng+the+

op6mal+treatment+modali6es.+It+also+provides+informa6on+on+the+prognosis+for+both+clinicians+and+

pa6ents.+Grossly,+this+classifica6on+is+based+on+the+loca6on+of+the+tumor+epicenter+(plus+or+minus+

5cm)+and+the+presence+or+absence+of+GOJ+involvement+(Biondi*and*al.,*2011).+Unfortunately,+many+

groups+ have+ conducted+ retrospec6ve+ studies,+ and+ shown+ that+ this+ simplified+ classifica6on+ s6ll+

required+improvements.+ Indeed+according+to+them,+it+would+be+easier+to+classify+these+tumors+in+

the+ GC+ setng+ rather+ than+ in+ the+ oesophagus+ cancer+ (Röcken* and* al.,* 2015).+ To+ improve+ the+

classifica6on+and+treatment,+we+need+more+knowledge+about+the+cardia+GC.+

2.1.2. Early+and+advanced+gastric+carcinoma+

Early)gastric)carcinoma)(EGC))

As+described+by+Hamilton+et+al.,+EGC+is+defined+as+invasive+carcinoma+confined+to+mucosa+and/or+

submucosa,+with+or+without+lymph+node+metastasis,+irrespec6ve+of+the+tumor+size+(Hamilton*and*

al.,*2000).+It+has+been+iden6fied+in+Japan+where+there+is+ac6ve+screening+of+pa6ents+at+highKrisk+for+

GC.+The+prognosis+of+ EGC+ is+ excellent+with+a+5+ years+ survival+ around+90%.+ It+ is+divided+ into+ four+

types+ according+ to+ the+ macroscopic+ growth+ paqerns+ of+ the+ mucosal+ surface.+ Briefly,+ this+

classifica6on+described+tumors+with:+(figure)4;)CarlUMcgrath*and*al.,*2007)+

KType)I+K+protruding+growth+

KType) II) K+ superficial+ growth,+which+ is+ further+ divided+ into+

three+ subtype+ as+ proposed+ by+ the+ Japanese+ Endoscopic+

Society+ :+ Type# IIa# K+ elevated;+ Type# IIb+ K+ flat;+ Type# IIc+ K+

depressed++

KType)III)K+excava6ng+growth++

KType)IV+K+infiltra6ng+growth+with+lateral+spreading+

Figure)4:)Growth)features)of)Early)gastric)carcinoma,)Hamilton*and*al.,*2000.)

Advanced)gastric)carcinoma)(AGC))
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treatment, intragastric AA concentrations
increase to levels resembling those of
non-infected individuals {1613}. 
DNA damage. Free radicals, oxidants
and reactive nitrogen species all cause
DNA damage {344}. These usually gener-
ate point mutations, the commonest being
G:C→A:T, the commonest type of trans-
formation in cancer with a strong link to
chemical carcinogenesis. Peroxynitrite
forms nitro-guanine adducts that induce
DNA damage, generating either DNA
repair or apoptosis. The latter process
removes cells containing damaged DNA
from the pool of replicating cells in order
to avoid introduction of mutations into the
genome and an associated heightened
cancer risk. NO impairs DNA repair by
compromising the activity of Fpg, a DNA
repair protein. Thus, NO not only causes
DNA damage but it also impairs repair
mechanisms designed to prevent the for-
mation of genetic mutations. 
As noted, cell proliferation increases in
H. pylori infection. This increased replica-
tion is balanced by increased cell death.
It is likely that the increased mitoses are a
response to increased epithelial loss.
However, the replicative rate exceeds
apoptotic rates in patients infected with
the virulent cagA vacA s1a H. pylori
{1481} suggesting that cell loss also
occurs via desquamation in patients
infected by toxigenic H. pylori strains.
Antitoxin derived from H. pylori also
induces apoptosis. In patients with 
H. pylori gastritis, treatment with anti-oxi-
dants attenuates the degree of apoptosis
and peroxynitrite formation {1481}.
It seems more than coincidental that
dietary nitrite, nitrosamines and H. pylori-
induced gastritis share so much chem-
istry and their association with cancer. As
this process is chronic, the opportunity
for random hits to the genome to occur at
critical sites increases dramatically.

Localization
The most frequent site of sub-cardial
stomach cancer is the distal stomach,
i.e. the antro-pyloric region. Carcinomas
in the body or the corpus of the stomach
are typically located along the greater or
lesser curvature.

Clinical features
Symptoms and signs
Early gastric cancer often causes no
symptoms, although up to 50% of
patients may have nonspecific gastroin-

testinal complaints such as dyspepsia.
Among patients in Western countries who
have endoscopic evaluations for dyspep-
sia, however, gastric carcinoma is found
in only 1-2% of cases (mostly in men over
the age of 50). Symptoms of advanced
carcinoma include abdominal pain that is
often persistent and unrelieved by eating.
Ulcerated tumours may cause bleeding
and haematemesis, and tumours that
obstruct the gastric outlet may cause
vomiting. Systemic symptoms such as
anorexia and weight loss suggest dis-
seminated disease. 
The lack of early symptoms often delays
the diagnosis of gastric cancer.
Consequently, 80- 90% of Western
patients with gastric cancers present to
the physician with advanced tumours that
have poor rates of curability. In Japan,
where gastric cancer is common, the
government has encouraged mass
screening of the adult population for this
tumour. Approximately 80% of gastric
malignancies detected by such screen-
ing programs are early gastric cancers.
However, many individuals do not choose
to participate in these screening pro-
grams, and consequently only approxi-
mately 50% of all gastric cancers in
Japan are diagnosed in an early stage.

Imaging and endoscopy
Endoscopy is widely regarded as the
most sensitive and specific diagnostic
test for gastric cancer. With high resolu-
tion endoscopy, it is possible to detect
slight changes in colour, relief, and archi-
tecture of the mucosal surface that sug-
gest early gastric cancer. Endoscopic
detection of these early lesions can be
improved with chromoendoscopy (e.g.
using indigo carmine solution at 0.4 %).
Even with these procedures, a substan-
tial number of early gastric cancers can
be missed {745A}.

Gastric cancers can be classified endo-
scopically according to the growth pat-
tern {1298, 63} The patterns I. II and III of
superficial cancer (Fig. 3.03) reflect the
gross morphology of the operative speci-
men. The risk of deep and multifocal pen-
etration into the submucosa and the risk
of lymphatic invasion is higher in type IIc,
the depressed variant of type II. Infiltration
of the gastric wall (linitis plastica) may not
be apparent endoscopically. This lesion
may be suspected if there is limited flexi-
bility of the gastric wall. Diagnosis may
require multiple, jumbo biopsies. The
depth of invasion of the tumour is staged
with endoscopic ultrasound. A 5-layer
image is obtained at 7.5/12 MHz: in
superficial (T1) cancer the second hyper-
echoic layer is not interrupted.
Radiology with barium meal is still used
in mass screening protocols in Japan,
followed by endoscopy if an abnormality
has been detected. For established gas-

Fig. 3.05 Endoscopic views of early, well differentiated adenocarcinoma. A Polypoid type. B Elevated type.
A B

Fig. 3.04 Growth features of early gastric carcinoma.
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Type IIa
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Type IIb
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Type III
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In+contrast,+AGC+ invades+ into+muscular+propria+or+beyond+and+correlated+with+a+worse+prognosis+

with+ a+ 5+ years+ survival+ less+ than+ 60%.+ Based+on+Borrmann’s+ classifica6on,+ it+ is+ divided+ into+ four+

subtypes,+ also+ according+ to+ the+ gross+ appearance+ of+ the+ mucosal+ surface+ (Figure) 5;+ Japanese*

Research*Society*for*Gastric*cancer,*1998):+

KType)I+K+polypoid+growth+

KType)II)K+funga6ng+growth+

KType)III+K+ulcera6ng+growth+

KType)IV+K+diffusely+infiltra6ng+growth+which+also+refer+to+lini6s+

plas6ca+in+signet+ring+cell+carcinoma+when+most+of+gastric+wall+

is+involved+by+infiltra6ng+tumor+cells.+

Figure)5:)Bormann’s)classifica;on)of)advanced)gastric)carcinoma,)Hamilton*and*al.,*2000.)

The+ dis6nc6on+ between+ EGC+ and+ AGC+ before+ resec6on+ is+ clinically+ important+ because+ it+ helps+

decide+ the+ preKopera6ve+ therapy+which+ has+ shown+ to+ improve+ disease+ free+ survival+ and+ overall+

survival.+

2.2. Histological*classifica-ons*

There+are+various+systems+applied+ to+ the+histological+ classifica6ons:+ the+WHO,+Ming,+ Laurén+and+

Goseki+ classifica6ons.+ Some+ proposed+ classifica6ons+ are+ based+ on+ clinical+ and+ endoscopic+

appearances+ of+ the+ tumors,+ some+ on+ histopathology+ alone.+ The+ clinical+ significance+ of+ these+

classifica6ons+ is+ limited,+ with+ only+ the+ Laurén+ and+ the+ WHO+ classifica6ons+ referred+ by+ several+

na6onal+guidelines+for+GC+treatments*(Berlth*and*al.,*2014).+

2.2.1. Lauren+classifica6on+

However,+ the+ Lauren+ classifica6on,+ described+ in+ 1965,+ has+ been+ the+ most+ successful+ system+

(Lauren,* 1965).+ It+ defines+ two+ dis6nct+ histological+ types+ by+ microscopic+ morphology+ alone:+ the+

intes6nal+ type,+ and+ the+ diffuse+ type,+ which+ appears+ clearly+ as+ dissimilar+ clinical+ and+

epidemiological+ en66es.+ Later+ the+ indeterminate+ type+ was+ included+ to+ described+ non+ common+
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tric cancers, radiology usually is not nec-
essary, but may complement endoscop-
ic findings in some cases. Tumour stag-
ing prior to treatment decision involves
percutaneous ultrasound or computer-
ized tomography to detect liver metas-
tases and distant lymph node metas-
tases. Laparoscopic staging may be the
only way to exclude peritoneal seeding in
the absence of ascites.

Macroscopy
Dysplasia may present as a flat lesion
(difficult to detect on conventional endo-
scopy, but apparent on dye-staining
endoscopy) or polypoid growth. Appear-
ances intermediate between them
include a depressed or reddish or discol-
ored mucosa. The macroscopic type of
early gastric carcinoma is classified using
critera similar to those in endoscopy (Fig.
3.03) {1298, 63}. The gross appearance
of advanced carcinoma forms the basis
of the Borrmann classification (Fig. 3.06)
{63, 175}. 
Ulcerating types II or III are common.
Diffuse (infiltrative) tumours (type IV)
spread superficially in the mucosa and
submucosa, producing flat, plaque-like
lesions, with or without shallow ulcera-
tions. With extensive infiltration, a linitis
plastica or ‘leather bottle’ stomach results.
Mucinous adenocarcinomas appear gela-
tinous with a glistening cut surface.

Tumour spread and staging
Gastric carcinomas spread by direct
extension, metastasis or peritoneal dis-
semination. Direct tumour extension
involves adjacent organs. Tumours inva-
ding the duodenum are most often of the
diffuse type and the frequency of seros-
al, lymphatic, and vascular invasion and
lymph node metastases in these lesions
is high. Duodenal invasion may occur

through the submucosa or subserosa or
via the submucosal lymphatics. 
Duodenal invasion occurs more fre-
quently than expected based on gross
examination. Therefore, resection mar-
gins should be monitored by intraopera-
tive consultation.
Intestinal carcinomas preferentially meta-
stasize haematogenously to the liver,
whereas diffuse carcinomas preferentially
metastasize to peritoneal surfaces {1273,
245}. An equal incidence of lymph node
metastases occurs in both types of
tumours with T2 or higher lesions. Mixed
tumours exhibit the metastatic patterns of
both intestinal and diffuse types. When
carcinoma penetrates the serosa, peri-
toneal implants flourish. Bilateral massive
ovarian involvement (Krukenberg tumour)
can result from transperitoneal or haema-
togenous spread. 
The principal value of nodal dissection is
the detection and removal of metastatic
disease and appropriate tumour staging.
The accuracy of pathological staging is
proportional to the number of regional
lymph nodes examined and their loca-
tion. When only nodes close to the
tumour are assessed, many cancers are
classified incorrectly. 

Histopathology
Gastric adenocarcinomas are either
gland-forming malignancies composed

Fig. 3.08 Gastric adenocarcinoma of (A) polypoid
and (B) diffusely infiltrative type.

A

B
Fig. 3.06 Endoscopic views of gastric cancer (A, C) and corresponding images with dye enhancement (B, D).
A, B Depressed early gastric cancer. C, D Deep ulcer scar surrounded by superficial early gastric cancer infil-
trating the mucosa and submucosa.

A B

C D

Fig. 3.07 Borrmann classification of advanced gas-
tric carcinoma.

Type I Type II
Polypoid Fungating

Type III Type IV
Ulcerated Infiltrative
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histology+(Ma*and*al.,*2016;*Chen*and*al.,*2016a).+The+rela6ve+frequencies+are+approximately+54%+

for+intes6nal+type,+32%+of+diffuse+type+and+15%+of+the+indeterminate+type+(Hu*and*al.,*2012).+

K Intes;nal) type) (IGC)) c) Tumor+ cells+ are+ wellKdifferen6ated,+ adherent,+ and+ exhibit+ tubular+ and+

glandular+forma6ons.+IGC+are+always+associated+with+intes6nal+metaplasia+and+exhibit+lympha6c+

and+vascular+ invasion,+with+ scaqered+ lesions.+ IGC+are+ located+ into+ the+antrum+of+ the+ stomach+

and+ are+ more+ onen+ observed+ in+ elderly+ men+ than+ in+ women+ and+ correlated+ with+ a+ beqer+

outcome+for+pa6ents+(Roukos*and*al.,*2002a).+

K Diffuse) type) (DGC)+ K+ Tumor+ cells+ are+ undifferen6ated,+ and+ exhibit+ stromal+ invasion+ as+ a+

mucocellular+ single+ cell+or+ subgroup,+ the+ lini6s+plas6ca.+They+ form+a+non+cohesive+popula6on+

with+ scaqered+ tumoral+ cells.+ Metastasis+ development+ appears+ faster+ than+ in+ the+ IGC,+ with+

peritoneal+ and+ lympha6c+ localisa6ons.+ It+ affects+ the+ body+ region+ of+ the+ stomach.+ There+ is+ a+

prevalence+for+both+men+and+women+and+it+tends+to+occur+in+younger+people+than+the+IGC,+with+

a+worse+prognosis+for+pa6ents*(Vauhkonen*and*al.,*2006).+

K Indeterminate)type)K+including+mixed+tumors+with+intes6nal+and+diffuse+characteris6cs.+

2.2.2. WHO+classifica6on+

The+World+Health+Organiza6on+(WHO)+classifica6on+appears+to+be+the+most+detailed+among+all+the+

pathohistological+ classifica6on+systems.+ It+ includes+not+only+adenocarcinoma+of+ the+ stomach+but+

also+all+other+types+of+gastric+tumors+of+lower+frequencies,+equivalent+to+the+indeterminate+type+in++

Laurén+classifica6on+(Fléjou,*2011).+So+the+WHO+classifica6on+is+more+used+for+the+infrequent+types+

of+GC.+ It+ is+ based+on+ the+predominant+histologic+paqern+of+ the+ carcinoma+which+onen+ coKexists+

with+ less+dominant+elements+of+other+histological+paqerns.+ The+2010+WHO+classifica6on+divides+

gastric+tumors+in+5+subtypes*(Werner*and*al.,*2001;*Chen*and*al.,*1994;*Qui*and*al.,*2013).*

K Tubular)adenocarcinoma+ K+ IrregularKshaped+and+fused+neoplas6c+glands+with+intraluminal+

mucus+and+debris.+ It+ is+ the+most+ common+histologic+ type+of+EGC.+A+poorly+differen6ated+

variant+is+some6mes+called+solid+carcinoma.+

K Papillary)adenocarcinoma+ K+Epithelial+projec6ons+scaffolded+by+central+fibrovascular+core.+

It+occurs+in+the+proximal+region+of+the+stomach+and+tends+to+affect+elderly+pa6ents.+

K Mucinous) adenocarcinoma+ K+ Clusters+ and+ scaqered+ tumor+ cells+ floa6ng+ in+ the+ abundant+

extracellular+mucin.+By+defini6on,+more+than+50%+of+extracellular+mucin+is+retained+within+

the+tumor,+and+called+the+mucinous+pools.+

K Signetcring)cell)carcinoma)(including)poorly)cohesive)carcinoma)+K+More+than+50%+of+the+

tumor+ consists+ of+ isolated+or+ small+ groups+ of+malignant+ cells+ containing+ intracytoplasmic+

mucin.+

�17



K Mixed)carcinoma)K+It+consists+of+a+mixture+of+different+types+of+gastric+adenocarcinoma.+

The+wellKdifferen6ated+ tubular+ and+ poorly+ differen6ated+ signetKring+ cell+ carcinoma+make+ up+ the+

majority+ of+ tumors+ and+ they+ can+ be+ linked+with+ the+ IGC+ and+ DGC+ respec6vely+ described+ in+ the+

Laurèn+classifica6on.++

3.Pathogenesis)

3.1. Precancerous*cascade*

Gastric+carcinogenesis+is+described+as+a+mul6step+and+mul6factorial+process+by+Correa+(Correa*and*

al.,* 1975).+ GC+ is+ define+ to+ be+ the+ endKresult+ of+ an+ inflammatory+ process+ explained+ by+

environmental+ factor,+ food+ intake+or+bacterial+ /+virus+ infec6on.+ Its+progression+ leads+a+sequen6al+

chain+of+events,+ the+precancerous+cascade+or+«+Correa+sequence+»+ (Correa*and*al.,*2007;*Siurala*

and*al.,*1966;*Rugge*and*al.,*2000)+characterized+as:++

Chronic)Nonatrophic)Gastri;s))

Mucosal+ infiltra6on+ by+ white+ blood+ cells+ (lymphocytes,+ plasma+ cells,+ macrophages)+ with+ a+

prevalence+ in+ the+ antrum+ part+ of+ the+ stomach.+ This+ step+ can+ also+ be+ found+ in+ the+ case+ of+ a+

duodenal+ulcer,+which+show+no+progression+into+GC+in+most+of+case.+

Mul;focal)Atrophic)Gastri;s)

Loss+of+stomach+glands,+ like+the+oxyn6c+glands+composed+of+ the+parietal+cells+ responsible+to+the+

produc6on+of+hydrochloride+acid.+So+the+stomach+lacks+its+capacity+to+produce+gastric+acid,+leading+

to+ a+ higher+ bacterial+ coloniza6on.+ It+ represents+ the+ cri6cal+ step+ into+ the+ progression+ of+ gastric+

cancer.+

Intes;nal)metaplasia)(IM))complete)and)incomplete))

In+ younger+ pa6ents+ the+ complete+ type+ of+ IM+ predominates,+ defines+ by+ the+ replacement+ of+ the+

normal+lining+of+the+stomach+by+cells+usually+found+in+the+small+intes6ne+(absorp6ve+enterocytes,+

brush+border,+microvilli).+Older+pa6ents+tends+to+have+incomplete+IM,+which+metaplas6c+cells+lose+

their+small+ intes6ne+phenotypes+and+acquire+morphologic+ features+of+ the+ large+ intes6ne+and+are+

lined+only+by+goblets+cells+expressing+gastric+and+intes6nal+mucin.+
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Dysplasia))

Atypical+ changes+ in+ nuclear+ morphology+ and+ 6ssue+ architecture,+ which+ is+ irregular,+ frequently+

forming+packed+tubular+structures+(adenomas)+with+irregular+lumens.+The+cells+are+confined+within+

the+tubular+structures.+As+the+invasive+parts+are+onen+missed+by+biopsy,+they+are+classified+into+low+

and+high+grades+depending+on+the+degree+of+atypical+changes.++

Invasive)carcinoma)))

Dysplasic+cells+go+through+the+basal+membrane+to+become+invasive+carcinoma.+

The+“Correa+sequence“+is+mostly+related+to+the+IGC+type,+combined+with+the+H.pylori+infec6on+and+

others+environmental+factors.+In+the+case+of+the+DGC+type,+it+is+more+complicated,+as+it+originates+

from+gastric+mucosa+and+it+is+associated+with+gastri6s.+Unfortunately,+because+of+a+delayed+in+the+

diagnosis+resul6ng+in+an+advanced+stage+of+the+disease,+there+is+a+lack+in+wellKrecognized+precursor+

changes+leading+to+its+progression+(Correa*and*al.,*1994).+Moreover,+DGC+seems+to+be+less+affected+

by+the+environmental+factors,+even+if+the+H.pylori+infec6on+can+be+involved.+

3.2. Risk*factors*

Gastric+cancer+is+a+mul6factorial+disease+composed+of+both+environmental+and+gene6c+factors.+The+

marked+geographic+varia6ons,+6me+trends+and+the+migratory+effect+on+GC+incidence+suggest+that+

environmental+and+lifestyle+factors+are+major+contributes+to+the+e6ology+of+the+disease+(Ushijima*

and*al.,2004).*

3.2.1. Helicobacter*pylori+infec6on+

Helicobacter* pylori* (H.pylori)* is+ associated+ with+ a+ six+ fold+ increased+ risk+ of+ GC,+ leading+ to+ its+

defini6on+as+a+human+class+I+carcinogen+by+the+Interna6onal+Agency+for+Research+on+Cancer+(IARC)+

in+ 1994+ (Crew* and* al.,* 2006).+H.* pylori+ represents+ the+most+ common+ chronic+ bacterial+ infec6on+

worldwide,+ infec6ng+ more+ than+ 50%+ of+ the+ world+ popula6on+ (Fox* and* al.,* 2007).+ It+ is+ a+ Gram+

nega6ve+ bacillus+ which+ is+ known+ to+ colonize+ the+ gastrointes6nal+ system,+ specially+ the+ stomach+

mucosa*(Marshall*and*al.,*1984).+H.*pylori+infec6on+prevalence+increases+with+age+and+is+found+to+

be+ higher+ in+ the+ developing+ countries+ with+ a+ lower+ socioeconomic+ status,+ and+ so+ linked+ to+ the+

strongest+ incidence+ of+ the+ non+ cardia+ GC.+ Conversely,+ in+ the+ developed+ countries+ there+ is+ a+

decrease+in+the+infec6on+by+H.*pylori+and+the+non+cardia+GC+incidence,+which+can+be+explained+by+a+

beqer+sanita6on+and+an+increase+in+an6bio6cs+intake.+The+majority+of+people+are+infected+during+

childhood+ and+ are+ asymptoma6c,+ the+ infec6on+persists+ throughout+ life+ (Feldman*and*al.,* 2001).+
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The+ infec6on+ by+H.* pylori+ is+ not+ sufficient+ to+ induce+ GC+ alone.+ Indeed,+ only+ 10+ to+ 15%+ of+ the+

infected+popula6on+develops+a+pep6c+ulcer+and+only+1+to+3%+of+pa6ents+develop+a+GC+(Taylor*and*

al.,*1995).++

In+the+“Correa+sequence“,+H.*pylori+ is+known+to+ ini6ate+the+chronic+gastri6s+and+to+be+associated+

with+the+development+of+the+atrophy+and+the+intes6nal+metaplasia.+There+are+different+pathways+

that+can+explain+its+effect+on+gastric+mucosa+(Correa*and*al.,*2007):++

Acidic)resistance)of)H.#pylori)

The+pH+of+the+gastric+mucosa+ is+between+4+to+6,5.+H.pylori+ is+not+an+acidophilic+bacterium,+so+to+

survive+ and+ colonize+ the+ stomach+ it+ secrets+ some+ proteoly6c+ enzymes+ as+ the+ urease,+ which+

hydrolyzes+urea+in+ammonium,+bicarbonate+and+carbone+dioxide+able+to+decrease+gastric+acid+pH.+

Moreover,+ammonium+is+known+to+have+a+cytotoxic+effect+on+epithelial+cells+and+the+bicarbonate+

can+suppress+the+bactericide+effect+of+some+nitric+oxide+metabolite+present+in+the+stomach+(Oh*and*

al.,*2005;*Wilkinson*and*al.,*1998).*

H.pylori#virulence)factors):)CagA)and)VacA.)

The)CagA#factor+ is+expressed+in+50K80%+of+GC.+It+is+mostly+found+in+pa6ents+with+a+IGC+type.+The+

genomic+ regions,+ cag+ pathogenicity+ island+ (cag+ PAI),+ encoded+ for+ CagA+ and+ a+ type+ IV+ secre6on+

system+ (T4SS).+ T4SS+ is+ required+ for+ the+ transloca6on+of+CagA+ into+ the+host+ cells.+ Then,+ it+ can+be+

phosphorylated+by+host+kinase+(Src,+Abl),+a+crucial+step+leading+to+its+interac6on+with+the+tyrosine+

phosphatase+ SHPK2+ to+ act+ on+ the+ morphological+ rearrangement+ of+ the+ epithelial+ cells+ and+ cell+

prolifera6on.+Moreover,+CagA+can+suppress+the+expression+of+p53+in+a+p14ARFKdependent+manner+

(Wei* and* al.,* 2015).+ p14ARF+ is+ a+ tumor+ suppressor+ upstream+ of+ p53,+ allowing+ its+ accumula6on+

under+stress+condi6ons.+Through+direct+interac6on+with+MDM2+and+ARFKBP1,+two+ubiqui6n+ligases+

responsible+ of+ p53+ proteasomal+ degrada6on,+ it+ allows+ their+ sequestra6on+ in+ the+ nucleus+ and+

inhibi6on+of+their+E3+ligase+ac6vity*(Chen*and*al.,*2006).+p14ARF,+as+p53,+is+frequently+inac6vated+

during+the+progression+of+the+GC+by+promoter+hypermethyla6on+or+dele6on+(Sato*and*al.,*2006).+

CagA+ could+ also+ have+ an+ effect+ on+ the+ induc6on+ of+ some+ proKinflammatory+modulators+ like+ the+

interleukin+ 8+ (IL8).+ The+ nonKphosphorylated+ CagA+ can+ elicit+ disrup6on+ of+ 6ght+ and+ adherent+

junc6ons,+ loss+ of+ cell+ polarity,+ proKinflammatory+ and+mitogenic+ response* (Higashi* and* al.,* 2002;*

Tsutsumi*and*al.,*2003).+

The+VacA#factor#(vacuola,ng#cytotoxin)+ is+secreted+by+approximately+50%+of+H.pylori+strains+and+

has+a+vacuola6ng+effect+on+gastric+cell+lines+in+vitro.+It+can+form+pores+in+epithelial+cell+membranes+

inducing+the+release+of+urea+and+nutrients+(Leunk*and*al.,*1988).+Moreover,+this+factor+has+a+proK

apopto6c+cellKdependent+effect+mostly+ in+parietal+cells,+ leading+to+a+decrease+in+acid+secre6on.+It+
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can+block+the+prolifera6on+of+the+immune+TKcell+by+a+cell+cycle+arrest+in+the+G1KS+phase+leading+to+a+

decrease+in+the+downstream+immune+signalisa6on+of+TLR+and+IL2+pathway,+important+for+pathogen+

recogni6on.+This+mechanism+can+explain+the+persistence+of+the+infec6on+(Gebert*and*al.,*2003).+

Adhesin)and)outer)membrane)proteins)

Only+10%+of+H.*pylori*can+bind+directly+to+the+epithelial+cells,+which+implicates+numerous+bacterial+

cellKsurface+ receptors+ (SeminoUMora* and* al.,* 2003).+ Among+ them,+ there+ is+ the+ LewisKb+ binding+

adhesin+(BabA),+an+outer+membrane+protein,+which+can+interact+with+the+Lewis+B+histoKblood+group+

on+the+host+cells.+The+same+mechanism+implicates+the+receptor+SabA+and+the+host+protein+Lewis+X,+

a+glycophospholipid,+which+is+a+known+tumoral+an6gen+used+as+a+biomarkers+for+GC+dysplasia.+H.*

pylori+ strain+ posi6ve+ for+ BabA,+ CagA+ and+ VacA+ present+ a+ higher+ risk+ to+ develop+ GC+ for+ pa6ents*

(Backstrom*and*al.,*2004;*Gerhard*and*al.,*1999).*

Contribu;on)of)host)gene;cs)

The+risk+to+develop+a+GC+in+presence+of*H.pylori*infec6on+can+be+higher+when+there+is+an+increase+

in+the+level+of+proKinflammatory+host+factors,+for+example+in+the+case+of+gene6c+predisposi6on+for+

sporadic+ DGC,+ like+ the+ polymorphism+ of+ proKinflammatory+ IL1B+ gene,+ a+ known+ inhibitor+ of+ acid+

secre6on.+This+leads+to+its+highKlevel+expression+and+so+a+reduced+acid+outKput+associated+with+an+

increase+in+H.pylori*coloniza6on+(ElUOmar*and*al.,*2000).+Similar+effects+have+been+observed+with+

the+proKinflammatory+ cytokine+TNFα+and+ IL1+ influencing+gastrin+produc6on+by+ the+parietal+ cells.+

Moreover,+ polymorphism+ in+ the+ IL10+ gene+ leads+ to+ a+ strongest+ immune+ response+ and+ so+ an+

increase+in+the+development+of+the+atrophic+gastri6s+(ElUOmar*and*al.,*2003).+

3.2.2. Others+risk+factors+

EpsteincBarr)virus)(EBV))

EBV,+ also+ known+ as+ human+ herpes+ virus+ type+ 4,+ is+ a+ gammaherpesvirus+ and+ thus+ has+ a+ double+

stranded+DNA+ genome.+ It+ is+ found+ in+malignant+ cells+ but+ not+ in+ the+ normal+ epithelial+ cells.+ The+

infec6on+does+not+present+symptoms+in+90%+of+cases+and+is+associated+with+only+2%+of+all+gastric+

cancer+tumors.+So+as*H.*pylori,+it+was+defined+as+a+type+I+carcinogen+by+the+IARC.+Originally,+EBV+was+

described+ par6cularly+ for+ its+ associa6on+ in+ the+ ini6a6on+ and+ progression+ of+ lymphomas+ and++

nasopharyngeal+carcinomas+(mainly+in+China+popula6on;+IARC,*1997).+

EBVKassociated+ GC+ has+ been+ described+ in+ the+ 90s,+ affec6ng+ 9%+ of+ tumors.+ It+ is+ a+ monoclonal+

infec6on,+ indica6ng+that+the+tumor+arises+ from+a+single+ infected+cell.+ It+has+so+ far+no+histological+

characteris6cs+(Oh*and*al.,*2004).+However,+EBVKposi6ve+tumors+seem+to+have+a+strong+lympha6c+
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infiltra6on+ (Kelley* and* al.,* 2003).+ A+ higher+ prevalence+ in+men+ is+ observed+ compared+ to+women,+

with+an+equivalent+achievement+in+IGC+and+DGC.+EBVKassociated+GC+is+mostly+found+in+the+fundus+

and+corpus+of+the+stomach.+The+mechanisms+involved+in+the+ ini6a6on+and+progression+of+CG+are+

currently+unclear,+however,+it+has+mostly+been+described+for+its+molecular+characteris6cs.+Indeed,+

EBV+posi6ve+tumors+present+a+higher+hypermethylated+status+compare+to+the+EBV+nega6ve+tumors+

(Network*TGCA*research,*2014;*see+Molecular#Characteriza,on#of#GC)+

Dietary)

DietKrelated+ risk+ factors+ are+ mostly+ found+ in+ nonKcardia+ IGC+ type.+ The+ consump6on+ of+ fresh+

vegetables+and+fruits+is+inversely+correlated+with+the+risk+of+developing+GC.+Indeed,+the+reduc6on+

in+ the+ incidence+of+nonKcardia+cancer+ is+partly+explained+by+ the+advent+of+ the+ refrigerator+and+a+

beqer+ diet+ in+ developed+ countries.+ In+ addi6on,+ these+ foods+ are+ known+ to+ contain+ carotenoids,+

vitamin+ C+ or+ selenium,+ compounds+ known+ for+ their+ an6Koxidant+ property+ favorable+ to+ the+ risk+

reduc6on+of+developing+cancer+of+the+diges6ve+system+(Bjelakovic*and*al.,*2004).+

Moreover,+excessive+consump6on+of+salt+and+salty+food+is+shown+to+be+strongly+associated+with+the+

development+of+GC,+especially+during+H.*pylori+infec6on.+Indeed+salty+foods+cons6tute+a+significant+

source+of+nitrites+and+nitrosamines.+Nitrates+will+be+derived+into+NKnitroso+compounds,+known+to+

be+ carcinogenic,+ by+ nitrosa6ng+ bacteria+ via+ bacterial+ nitrosa6on.+ The+ development+ of+ these+

bacteria+is+promoted+in+the+presence+of*H.*pylori*(Liu*and*al.,*2008).+

Others)risk)factors)

Tobacco+consump6on+is+strongly+associated+with+the+development+of+GC+(Gonzalez*and*al.,*2003).+

Indeed,+ it+ was+ shown+ in+ a+ ferret+ animal+ model+ to+ be+ linked+ to+ a+ decrease+ in+ the+ p53+

phosphoryla6on,+ a+well+ known+ tumor+ suppressor+ par6cularly+ described+ to+ be+ inac6vated+ in+ the+

GC.+Thus,+it+leads+to+a+reduc6on+of+some+of+its+target+genes+such+as+BAX,+p21,+and+so+an+impact+on+

cell+ prolifera6on+ and+ apoptosis+ (elUDeiry* and* al.,* 1998).+ Some+ studies+ have+ shown+ a+ synergy+

between+ the+ consump6on+ of+ tobacco+ and+ alcohol+ even+ if+ the+ results+ remain+ controversial+ un6l+

now+(Sjodahl*and*al.,*2007).+

Pa6ents+ overweight+ and+ obesity+ present+ a+ risk+ factor+ for+ the+ development+ of+ GC,+ especially+ it+

seems+to+play+an+important+role+for+the+cardia+diffuse+type+GC.+This+factor+is+onen+associated+with+

the+presence+of+the+gastroesophagal+reflux+in+pa6ents+(Hoyo*and*al.,*2012).++

Finally,+there+is+some+gene6c+predisposi6on+for+the+development+of+GC.+I+have+already+men6oned+

the+polymorphism+of+the+IL1B+associated+with+H.pylori+infec6on.+In+addi6on,+people+with+a+type+A+

blood+rhesus,+a+pernicious+anemia,+a+family+history,+a+hereditary+nonpolyposis+colon+cancer,+a+LiK
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Fraumeni+(inherited+p53+muta6on)+or+Lynch+syndrome+also+present+a+higher+risk+of+developing+GC+

(Roder*and*al.,*2002;*Nomura*and*al.,*1996).+

In+conclusion,+most+of+the+described+risk+factors+are+associated+with+the+nonKcardia+IGC+type.+For+

the+cardia+DGC+type,*H.pylori+and+overweight+or+obesity+are+commonly+found.+

3.3. Hereditary*syndromes*

Only+ 10%+ of+ GC+ are+ related+ to+ GC+ familial+ cluster,+ and+ 1K3%+ of+ this+ cases+ have+ specific+ gene6c+

paqerns*(Oliveira*and*al.,*2009).+There+are+three+types+of+familial+hereditary+GC:+

Hereditary)DGC)(HDGC))

This+ is+ the+only+case+of+ familial+GC+with+a+determined+gene6c+cause.+The+penetrance+of+HDGC+ is+

more+ than+ 80%+ into+ a+ family.+ Indeed,+ for+ 40%+ of+ pa6ents+ there+ is+ a+ germline+ heterozygous+

muta6on+ inherited+ in+ the+ gene+ CDH1+ (EKcadherin).+ This+ muta6on+ leads+ to+ a+ deleterious+

conforma6onal+ change+ of+ the+ protein+ that+ causes+ its+ first+ hit+ inac6va6on+ (Corso* and* al.,* 2012).+

Soma6c+molecular+events+can+also+lead+to+a+second+hit+inac6va6on+of+the+second+allele,+mainly+due+

to+ the+promoter+hypermethyla6on+ (Ushijima*and*al.,*2004).+ In+60%+of+cases,+we+do+not+observe+

gene+ muta6on+ but+ germline+ phenotype+ of+ monoallelic+ CDH1+ downregula6on+ (Pinheiro* and* al.,*

2010).+ Inac6va6on+ or+ decreased+ expression+ of+ EKcadherin,+ an+ important+ surface+ protein+ in+ the+

maintenance+ of+ intercellular+ junc6ons,+will+ allow+ an+ increase+ in+ the+migra6on+ and+ cell+ invasion.+

Furthermore,+studies+have+recently+shown+the+involvement+of+the+truncated+muta6on+in+CTNNA1+

gene+(alphaKEKcatenin),+in+combina6on+or+not+with+CDH1+muta6on+(Majewski*and*al.,*2013).+

Gastric)adenocarcinoma)and)proximal)polyposis)of)the)stomach)(GAPPS))

GAPPS+have+been+described+for+the+first+6me+in+2012.+It+is+an+autosomal+dominant+transmission+of+

fundic+gland+polyposis+at+the+proximal+site+without+evidence+of+colorectal+or+duodenal+polyps,+or+

other+hereditary+gastrointes6nal+cancer+syndrome.+The+penetrance+of+GAPPS+is+incomplete+and+the+

gene6c+causes+are+currently+not+known+(Oliveira*and*al.,*2015;*Worthley*and*al.,*2012).+

Familial)IGC)(FIGC))

FIGC+is+an+autosomal+dominant+inheritance+with+an+IGC+type.+As+for+the+GAPPS,+no+informa6on+is+

available+for+the+gene6c+causes+(Oliveira*and*al.,*2015;*Caldas*and*al.,*1999).+
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4.Molecular)characteriza;ons)of)GC)
Everyone+ agrees+ on+ the+ fact+ that+ GC+ is+ a+ heterogeneous+ cancer.+ It+ does+ not+ only+ present+ interK

pa6ent+ heterogeneity+ but+ also+ and+ especially+ intraKtumoral+ heterogeneity.+ Through+ the+ various+

exis6ng+clinical+and+histological+classifica6ons+for+this+cancer,+we+can+see+a+real+complexity+in+terms+

of+ defini6on+ of+ the+ various+ exis6ng+ subtypes.+ Moreover,+ this+ complexity+ results+ in+ a+ lack+ of+

informa6on+ about+ pa6ent+ survival+ and+ the+ choice+ of+ the+most+ relevant+ treatment+ (Lin* and* al.,*

2015;*Chen*and*al.,*2016b).++

These+ last+ years,+ with+ the+ emergence+ of+ highKthroughput+ experiments,+ several+ teams+ tried+ to+

stra6fy+ the+GC+based+on+ their+molecular+ characteris6cs.+ Indeed+ studies+have+been+conducted+ to+

define+the+molecular+signature+of+the+GC+to+improve+its+diagnosis,+to+define+beqer+subtypes,+and+to+

predict+the+TNM+status,+the+response+to+chemotherapy+or+the+prognosis*(Cristescu*and*al.,*2015).+

Unfortunately+the+recurring+problems+of+all+ these+studies+are+the+ insufficient+number+of+samples+

analyzed+ and+ the+ varia6on+ of+ the+ treatments+ used.+ I+ am+ therefore+ interested+ in+ two+ studies+

conducted+by+the+Asian+Cancer+Research+Group+and+the+Cancer+Genome+Atlas,+which+reflect+ the+

geographic+ disparity+ of+ the+ incidence+ rate+of+GC,+ allowing+ a+more+ accurate+ analysis+ (Lin* and*al.,*

2015a;*Cancer*Genome*Atlas*Research*Network.,*2014).*

4.1. The*Cancer*Genome*Atlas*(TCGA)*molecular*classifica-on*

In+ 2014,+ TCGA+ defines+ a+ new+molecular+ characteriza6on,+ integra6ng+ the+ gene6c+ altera6on+with+

fresh+biopsy+from+295+primary+gastric+adenocarcinomas,+many+from+the+United+states+and+Western+

Europe.+The+pa6ents+were+not+treated+with+chemotherapy+or+radiotherapy.+The+project+was+based+

on+ the+molecular+ characteriza6on+ of+ GC+ by+ using+ six+ different+ pla|orms+ and+ related+ the+ results+

with+ the+ common+histological+ classifica6on.+ They+define+ four+different+ subtypes+ for+GC,+ the+ EBV+

posi6ve+tumors+(EBVKGC),+the+microsatellite+unstable+tumors+(MSI),+the+genome+stable+tumors+(GS)+

and+ the+ chromosomal+ instability+ tumors+ (CIN)+ (figure) 6).+ The+ IGC+ type+ was+ found+ across+ all+

subtypes,+conversely+the+DGC+type+was+mostly+linked+with+the+GS+type+(Bass*and*al.,*2015;*Zhang*

and*al.,*2014a;*Network*TCGA*research,*2014).+

The)EpsteincBarr)viruscassociated)tumors)(EBVcGC))

As+ men6oned+ earlier,+ the+ EBV+ posi6ve+ tumors+ present+ an+ extreme+ CpG+ island+ methylator+

phenotype+ (Kaneda* and* al.,* 2012).+ Indeed+ the+ EBV+ viral+ protein+ LMP2A+ will+ allow+ the+

phosphoryla6on+ of+ STAT3+ thus+ leading+ to+ the+ transcrip6on+ of+ the+ DNA+ methyltransferase+ 1+

(DNMT1)+and+the+loss+of+certain+gene+expression+such+as*CDKN2A+(p16)+and+P73.+In+addi6on,+it+is+
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also+found+that+50%+of+tumors+harboring+muta6ons+such+as+PIK3CA+(subunit+of+PI3K/Akt+pathway),+

ARID1A,+ BCL6+ and+ rarely+ p53+muta6on.+ Furthermore,+ there+ is+ also+ gene+ amplifica6ons+ such+ as+

JAK2,+ which+ plays+ an+ important+ role+ in+ the+ signaling+ of+ some+ cytokines+ such+ as+ prolac6n,+ or+

amplifica6on+ of+ PDKL1+ and+ PDKL2+ important+ in+ the+ control+ of+ the+ immune+ system+ via+ TKcell+

inhibi6on.+

The)microsatellite)unstable)tumors)(MSI))

The+MSI+occur+at+an+early+stage+in+GC+progression+and+were+found+in+21%+of+cases.+These+tumors+

are+ characterized+ by+ the+ loss+ of+ expression+ of+ MLH1+ by+ the+ promoter+ hypermethyla6on,+ an+

important+enzyme+in+the+mismatch+repair+ in+response+to+DNA+damage.+There+is+a+hypermuta6on+

state+ of+ those+ tumors+ with+ muta6on+ of+ some+ genes+ like+ HER2,+ PIK3CA+ or+ EGFR+ but+ no+ gene+

amplifica6on+is+found+(Oda*and*al.,*2005).+

The)genomically)stable)tumors)(GS))

The+ GS+ are+ found+ in+ 19%+ of+ cases+ especially+ in+ the+ DGC+ type.+ They+ are+ characterized+ by+ the+

muta6on+ of+ RHOA+ gene+ playing+ a+ role+ in+ cell+ mo6lity+ and+ altering+ cell+ adhesion.+ CDH1+ gene+

muta6on+ is+ also+ present+ in+ these+ tumors,+ which+ is+ consistent+ with+ previous+ studies+ linking+ its+

inac6va6on+with+DGC+type.+Interchromosomal+transloca6ons+are+observed+leading+to+the+fusion+of+

the+claudin+18+gene+and+the+RhoKGTPase+ac6va6ng+protein+6+gene.+This+fusion+protein+will+have+a+

proKoncogenic+role+in+the+growth+and+tumor+prognosis.+

The)chromosomal)instability)tumors)(CIN))

The+ CIN+ are+ the+ result+ of+ an+ unequal+ distribu6on+ of+ DNA+ in+ the+ daughter+ cell+ during+ mitosis,+

resul6ng+in+chromosomal+gain+or+loss,+such+as+the+chromosome+8q+or+3p+respec6vely+(Tsukamoto*

and* al.,* 2008).+ In+ addi6on,+ CIN+ contribute+ to+ the+ amplifica6on+ of+ some+ gene+ like+ the+ receptor+

tyrosine+kinases+(EGFR),+or+some+modulators+of+the+cell+cycle+(cyclin+E,+D1,+CDK6)* (Weiss*and*al.,*

2004).*
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Figure)6:)Key)features)of)gastric)cancer)subtypes.)This+schema6c+lists+some+of+the+salient+features+

associated+with+each+of+the+four+molecular+subtypes+of+GC.+Distribu6on+of+molecular+subtypes+in+

tumours+ obtained+ from+ dis6nct+ regions+ of+ the+ stomach+ is+ represented+ by+ inset+ charts,+Network*

TGCA*research,*2014.*

4.2. Asian*Cancer*Research*Group*(ACRG)*molecular*classifica-on*

Another+molecular+classifica6on+was+done+by+the+ACRG+in+2015+with+300+Korean+GC+tumors+using+

the+ same+approach.+Most+of+ the+ tumors+ are+DGC+ type.+ They+also+find+a+MSI+ subtype,+but+not+ a+

dis6nct+ EBV+ subtype+as+described+before+by+ the+TCGA+group.+ In+ their+ study,+ the+ subtype+mostly+

linked+to+DGC+type+was+characterized+by+a+gene+signature+of+the+epithelialKmesenchymal+transi6on.+

Moreover+to+discriminate+the+other+tumors+they+chose+the+gene+TP53,+known+to+be+inac6vated+in+

60%+of+GC+(figure)7).+Briefly+the+4+molecular+subtypes+for+GC+defined+by+the+ACRG+are+defined+by+

(Lin*and*al.,*2015a;*Lin*and*al.,*2015b;*Critescu*and*al.,*2015):+

The)microsatellite)stable)(MSS))/)EpithelialcMesenchymal)Transi;on)(EMT))tumors)

The+MSS+/+EMT+tumors+occurs+at+an+elderly+age+and+are+correlated+with+a+poor+prognosis.+They+are+

mostly+ of+ diffuse+ type+ with+ a+ high+ frequency+ of+ recurrence+ (63%).+ They+ have+ as+ a+ major+

characteris6c,+the+loss+of+CDH1+gene+expression,+which+can+be+observed+in+the+GS+tumor+of+TCGA+

classifica6on.+

The)microsatellite)instability)tumors)(MSI))

The+characteris6cs+of+MSI+are+equivalent+with+those+of+TCGA+classifica6on,+i.e.+hypermuta6on+and+

the+loss+of+MLH1+expression+(Mori*and*al.,*2003).+They+are+mainly+located+at+the+antrum+site+and+

correlated+with+a+beqer+prognosis+and+a+lower+recurrence+frequency+(22%).+
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Integrated pathway analysis
We integrated SCNA and mutation data to characterize genomic alter-
ations in known signalling pathways, including candidate therapeutic
targets (Fig. 5a, b). We focused on alterations in receptor tyrosine kinases
(RTKs) and RAS and PI(3)-kinase signalling. EBV-positive tumours
contained PIK3CA mutations and recurrent JAK2 and ERBB2 ampli-
fications. Although MSI cases generally lacked targetable amplifica-
tions, mutations in PIK3CA, ERBB3, ERBB2 and EGFR were noted, with
many mutations at ‘hotspot’ sites seen in other cancers (Supplementary
Fig. 11.14). Absent from MSI gastric cancers were BRAF V600E muta-
tions, commonly seen in MSI colorectal cancer39. Although the geno-
mically stable subtype exhibited recurrent RHOA and CLDN18 events,
few other clear treatment targets were observed. In CIN tumours, we
identified genomic amplifications of RTKs, many of which are amen-
able to blockade by therapeutics in current use or in development. Re-
current amplification of the gene encoding ligand VEGFA was notable
given the gastric cancer activity of the VEGFR2 targeting antibody
ramucirumab40. Additionally, frequent amplifications of cell cycle me-
diators (CCNE1, CCND1 and CDK6) suggest the potential for thera-
peutic inhibition of cyclin-dependent kinases (Supplementary Fig. 11.15).

We compared expression within each subtype to that of the other
subtypes, and to non-malignant gastric tissue (n 5 29) (Supplementary
Fig. 11.2). We computed an aggregate score for each pathway of the
NCI pathway interaction database41 and determined statistical signifi-
cance by comparison with randomly generated pathways (Supplemen-
tary Methods S11). Hierarchical clustering of samples and pathways
(Fig. 5c) revealed several notable patterns, including elevated express-
ion of mitotic network components such as AURKA/B and E2F, tar-
gets of MYC activation, FOXM1 and PLK1 signalling and DNA damage
response pathways across all subtypes, but to a lesser degree in geno-
mically stable tumours. In contrast, the genomically stable subtype ex-
hibited elevated expression of cell adhesion pathways, including the
B1/B3 integrins, syndecan-1 mediated signalling, and angiogenesis-
related pathways. These results suggest additional candidate therapeutic
targets, including the aurora kinases (AURKA/B) and Polo-like (PLK)

family members. The strength of IL-12 mediated signalling signatures
in EBV-positive tumours suggests a robust immune cell presence. When
coupled with evidence of PD-L1/2 overexpression, this finding adds
rationale for testing immune checkpoint inhibitors in EBV-positive
gastric cancer.

Discussion
Through this study of the molecular and genomic basis of gastric can-
cer, we describe a molecular classification (Fig. 6) that defines four major
genomic subtypes of gastric cancer: EBV-infected tumours; MSI tumours;
genomically stable tumours; and chromosomally unstable tumours. This
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Figure 5 | Integrated molecular description of
gastric cancer. a, Mutations, copy-number
changes and translocations for select genes are
shown across samples organized by molecular
subtypes. Mutations that are recurrent in
this data set or in the COSMIC repository are
distinguished by colour. Alteration frequencies are
expressed as a percentage of all cases. b, Alterations
in RTK/RAS and RTK/PI(3)K signalling pathways
across molecular subtypes. Red denotes predicted
activation; blue denotes predicted inactivation.
c, The heatmap shows NCI-PID pathways that are
significantly elevated (red) or decreased (blue) in
each of the four subtypes as compared with
non-malignant gastric mucosa.
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Figure 6 | Key features of gastric cancer subtypes. This schematic lists some
of the salient features associated with each of the four molecular subtypes of
gastric cancer. Distribution of molecular subtypes in tumours obtained from
distinct regions of the stomach is represented by inset charts.
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The)MSS)/)TP53)posi;ve)(p53+))tumors)

Most+of+the+p53++tumors+are+posi6ve+for+EBV+and+so+correlated+with+a+cytokine+gene+expression+

signature.+Moreover,+an+enrichment+of+PIK3CA+and+ARID1A+muta6ons+ is+observed.+These+tumors+

show+an+intermediate+survival+and+recurrence+in+comparison+with+the+EMT+and+MSI+tumors+with+a+

beqer+prognosis+for+pa6ents+compared+to+those+with+p53K+tumors.+

The)MSS)/)TP53)nega;ve)(p53c))tumors)

The+ p53K+ tumors+ display+ a+ high+ gene6c+ instability+with+ a+ strong+ focal+ gene+ amplifica6on+ (EGFR,+

ERBB2,+MYC)+and+p53+muta6ons+in+60%+of+cases.+Like+for+p53+++tumors+they+show+an+intermediate++

survival+and+recurrence.++

In+a+more+general+way,+the+interest+of+the+molecular+characteriza6on+of+GC+has+opened+the+search+

for+new+perspec6ves+in+the+treatment+field.+Indeed,+these+pa6ents+will+benefit+of+targeted+therapy+

in+func6on+of+the+gene+involved.+

Figure)7:)Molecular) subtypes)of)gastric) cancer.)Gastric+ cancer+ (GC)+has+ four+molecular+ subtypes+

characterized+by+specific+genomic+altera6ons:+microsatellite+ instability+(MSI),+genomeKstable+(GS),+

Epstein–Barr+ virus+ (EBV)+ and+ chromosome+ instability+ (CIN)+ based+ on+ The+ Cancer+ Genome+ Atlas+

(TCGA)+ classifica6on;+ and+ MSI,+ microsatellite+ stable+ (MSS)/epithelial–mesenchymal+ transi6on+

(EMT),+ MSS/TP53++ and+ MSS/TP53K+ based+ on+ the+ Asian+ Cancer+ Research+ Group+ (ACRG)+

classifica6on.+DiffuseKtype+GC+is+predominantly+included+in+the+GS+or+MSS/EMT+subtype.+It+is+likely+
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focal amplifications at many of the same chromosomal 
loci that harbour key oncogenes, including cell signal-
ling factors (for example, ERBB2, epidermal growth 
factor receptor (EGFR), MET, fibroblast growth factor 
receptor 2 (FGFR2) and KRAS), cell cycle mediators (for 
example, cyclin-dependent kinase 6 (CDK6), cyclin D1 
(CCND1) and CCNE1) and transcription factors (for 
example, MYC, GATA binding protein 4 (GATA4) and 
GATA6)132. Although several of these events are pres-
ent in CRC, their prevalence is substantially lower than 
in GC and OAC; for example, ERBB2 amplification is 
found in 19% of OACs133 and 17% of GCs129, but only 
6% of CRCs132.

A notable set of focal genomic amplifications shared 
by GC and OAC encode two GATA transcription fac-
tors — GATA4 on 8p and GATA6 on 18q. The shared 
amplification of these factors is highly relevant to the 
question of the comparative biology and possible shared 
origin of these cancers. Unlike oncogenes such as MYC or 
CCND1 that affect general oncogenic pathways, GATA4 
and GATA6 are candidate lineage-survival oncogenes: 
transcription factors essential for specific tissue lineages, 
which are then selectively amplified and advantageous in 

tumours derived from the same tissues147–149. The locus 
containing GATA6 is recurrently amplified in 21% 
of OACs149 and 30% of GCs150, which underscores the 
potential shared origins of these cancers.

Both GC and OAC also have similar spectra of recur-
rently deleted genes. Unlike amplifications, which recur at 
genomic sites of bona fide oncogenes, many recurrent 
deletions in these cancers occur at putative fragile sites 
in the genome132,144. Beyond these vulnerable regions of 
the genome, GC and OAC share common deleted tumour 
suppressors, the most prevalent of which are CDK inhib-
itor 2A (CDKN2A) and SMAD4 (REF. 132). Other genes 
that undergo substantial recurrent deletion in both can-
cers include fragile histidine triad (FHIT), protein tyros-
ine phosphatase receptor type D (PTPRD), MACRO 
domain containing 2 (MACROD2), parkin (PARK2) and 
phosphodiesterase 4D (PDE4D)144; it is unclear whether 
deletion relates to underlying structural fragility at these 
sites or the presence of functional tumour suppressors.

Despite the similarities of the genomic profiles of these 
tumours, there are notable differences, that suggest certain 
biological differences between GC and OAC pathogenesis. 
For example, the largest study to directly compare OAC 

Figure 4 | Molecular subtypes of gastric cancer and oesophageal adenocarcinoma. Gastric cancer (GC) has 

four molecular subtypes: microsatellite instability (MSI), genome-stable (GS), Epstein–Barr virus (EBV) and 
chromosome instability (CIN) based on The Cancer Genome Atlas (TCGA) classification; and MSI, microsatellite stable 
(MSS)/epithelial–mesenchymal transition (EMT), MSS/TP53+

 and MSS/TP53−
 based on the Asian Cancer Research Group 

(ACRG) classification. Diffuse-type GC is predominantly included in the GS or MSS/EMT subtype. It is likely that MSI-type 

tumours represent classical intestinal-type GC in the distal stomach. CIN-type GCs are commonly found in the cardia and 

gastric–oesophageal junction (GOJ). Each subtype carries specific genomic alterations; for example, the MSI subtype has 

mutL homologue 1 (MLH1) silencing, the EBV subtype has programmed cell death protein 1 (PD1) ligand 1 (PDL1) and PDL2 

amplifications. Most oesophageal adenocarcinomas (OACs) are MSS, whereas OACs with MSI are less common. MSS OACs 

demonstrate characteristic chromosomal and genomic instability and frequent whole-genome duplication.  Gastric cardia 

cancer and OAC share CIN signatures with a high frequency of TP53 mutation, activation of receptor tyrosine kinase (RTK)–

RAS pathways, and frequent amplifications in genes encoding cell cycle mediators, GATA binding protein 4 (GATA4) and 

GATA6. ALK, anaplastic lymphoma kinase; ARHGAP26, Rho GTPase activating protein 26; ARID1A, AT-rich interactive 

domain 1A; ASL, argininosuccinate lyase; BCOR, BCL6 co-repressor; BO, Barrett oesophagus; CCND1, cyclin D1; CDH1, 

E-cadherin; CDK6, cyclin-dependent kinase 6; CDKN2A, CDK inhibitor 2A; CLDN18, claudin 18; EGFR, epidermal growth 

factor receptor; JAK2, Janus kinase 2; MSH3, mutS homologue 3; PIK3CA, PI3K catalytic subunit α; RASA1, RAS p21 protein 

activator 1; VEGFA, vascular endothelial growth factor A. *Others: other genomic studies.
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that+MSIKtype+tumors+represent+classical+intes6nalKtype+GC+in+the+distal+stomach.+CINKtype+GCs+are+

commonly+found+in+the+cardia.+Hayakawa*and*al.,*2016+

5.Treatment)
The+diagnosis+of+pa6ents+is+done+by+endoscopy+and+biopsy.+Biopsies+will+enable+clinical,+histological+

and+molecular+classifica6ons+of+the+tumor,+allowing+the+adapta6on+of+the+treatment+ (Kumar*and*

al.,* 2013).+ Unfortunately+ in+ Western+ countries,+ the+ diagnosis+ is+ delayed,+ because+ of+ an+

asymptoma6c+ disease+ in+ the+ early+ stages,+ leading+ to+ a+ more+ advanced+ stage+ of+ GC.+ Moreover,+

unlike+the+Asian+countries+especially+in+Japan,+we+do+not+benefit+from+large+screening+program.+So,+

the+survival+of+pa6ents+with+advanced+GC+and+metastasis+development+is+less+than+20%+in+contrast+

to+ the+90%+ in+EGC+and+AGC+without+metastasis+development+observed+ in+ Japan+ (Alberts*and*al.,*

2003).+

5.1. Cura-ve*treatment*

Total+or+par6al+gastrectomy+represents+the+cornerstone+in+the+cura6ve+treatment+for+EGC+and+AGC+

without+ metastasis+ development.+ It+ is+ combined+ with+ chemotherapy+ or+ radioKchemotherapy+

(Coccolini*and*al.,*2016).++

Surgery)

The+total+or+par6al+gastrectomy+is+associated+with+an+adequate+extend+lymphadenectomy+(at+least+

16+ lympha6c+ nodes).+ Actually,+ there+ is+ a+ controversy+ about+ the+ extent+ of+ the+ lymph+ nodes+

resec6on.+Indeed+Japan+surgeons+favor+an+extended+lymphadenectomy+(D2)+against+a+limited+(D1)+

in+European+countries+and+in+the+USA.+Despite+a+significant+benefit+in+pa6ent+survival+and+relapse,+

a+significant+morbidity+is+observed+in+Western+countries+following+the+surgery+explained+by+a+lack+

of+experience+ in+the+realiza6on+of+D2+surgery+for+the+Western+countries+ (Roukos*and*al.,*2002b).+

The+ surgery+ is+ now+ commonly+ combined+ with+ chemotherapy+ or+ chemoKradiotherapy+ with+ a+

survival+of+8K12+months+compare+ to+3K4+months+observed+without+chemotherapy+ (Glimelius*and*

al.,*1997).+

Chemotherapy)and)chemocradiotherapy)

Different+protocols+can+be+ found+ in+ the+treatment+of+GC.+ In+ fact+either+chemotherapy+or+chemoK

radiotherapy+ is+ prescribed+ upstream+ (neoadjuvant)+ /+ downstream+ (adjuvant)+ the+ surgery+ or+ in+ a+

periopera6ve+way.+All+these+strategies+have+pros+and+cons.+ Indeed,+neoadjuvant+therapy+shows+a+

beneficial+ effect+ in+ reducing+ the+ tumor+ progression+ and+ possibly+ make+ surgery+ easier,+ but+ it+

�28



imposes+a+delay+before+the+surgery+that+can+affect+the+pa6ent's+survival+and+especially+recurrence+

(Schuhmacher*and*al.,*2010).+Adjuvant+therapy+also+shows+benefits+for+the+overall+survival+(OS)+and+

the+progression+free+survival+(PFS),+first+there+is+no+delay+for+surgery+and+it+can+kill+cancer+cells+too+

small+ to+ be+ detected+ during+ surgery+ (Paolem* and* al.,* 2010).+ Finally,+ periopera6ve+ therapy+ is+

frequently+given+ in+European+countries+ in+view+of+ its+profit+on+the+OS,+PFS+and+recurrence+of+GC+

(Mirza*and*al.,*2013).++

According+to+the+American+cancer+society+guidelines,+a+number+of+an6cancer+drugs+can+be+used+to+

treat+GC,+ for+ exemple+5KFU+ (fluorouracil),+ pla6num+deriva6ves+ (carbopla6n,+ cispla6n,+oxalipla6n)+

and+Taxol+deriva6ves+(docetaxel,+pacltaxel).+These+drugs+may+be+used+alone+or+in+combina6on+as:+

K ECF+(epirubicin,+cispla6n,+and+5KFU),+which+may+be+given+before+and+aner+surgery+

K Docetaxel+or+paclitaxel+plus+either+5KFU+or+capecitabine,+combined+with+radia6on+as+treatment+

before+surgery+

K Cispla6n+plus+either+5KFU+or+capecitabine,+combined+with+radia6on+as+treatment+before+surgery+

K Paclitaxel+and+carbopla6n,+combined+with+radia6on+as+treatment+before+surgery.+

Targeted)therapy)

The+ new+ molecular+ classifica6ons+ (TCGA+ and+ ACRG)+ allow+ putng+ into+ perspec6ve+ the+

improvement+of+treatments+with+the+use+of+targeted+therapy.+In+fact,+the+molecular+subtypes+of+GC+

have+ specific+ gene+ signatures,+ such+ as+ the+ HER2+ (Kurokawa* and* al.,* 2015)* and+ VEGFR+ gene+

amplifica6on+found+for+CIN+or+p53K+GC+types.+Current+treatments+can+target+these+amplifica6ons+

with+ the+use+of+humanized+an6bodies,+ Trastuzumab+ (HER2)+ and+Beacizumab+ (VEGFR).+Moreover+

targeted+ therapies+ are+mainly+ used+ in+ combina6on+of+ exis6ng+ chemotherapies,+ and+ so+ they+ can+

reduce+the+toxicity+of+ these+treatments+and+ improve+pa6ent+survival.+These+ last+years+numerous+

clinical+trials+have+been+introduced+to+determine+the+benefit+of+these+targeted+therapies+in+terms+

of+PFS+and+OS+in+combina6on+of+current+chemotherapies+(Bang*and*al.,*2010;*Shen*and*al.,*2015).+

Figure)8+includes+all+clinical+trials+and+their+results.+Only+3+trials+showed+a+posi6ve+effect.+Lee+and+

al.+explain+the+significant+numbers+of+nega6ve+trial+by+the+lack+of+a+pa6ent+selec6on+based+on+the+

biomarker+tested+and+the+lack+of+considera6on+of+the+molecular+subtype+and+stage+of+GC+pa6ents+

(Lee*and*al.,*2016).+

The)case)of)H.pylori)treatment)

In+addi6on+to+the+above+an6cancer+protocols,+pa6ents+are+treated+to+eradicate+H.*pylori+infec6on.+

Reviews+on+the+subject+ in+terms+of+benefit+are+very+controversial+ in+term+of+benefit.+Pa6ents+are+

treated+ with+ proton+ pump+ inhibitors+ (PPI),+ which+ increases+ the+ acidity+ of+ the+ environment+ and+

eliminate+the+bacteria.+For+some+pa6ents,+the+significant+increase+in+stomach+acidity+will+result+in+
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an+increase+in+gastroesophagal+reflux+and+suddenly+an+increased+risk+of+developing+cardia+GC+type+

or+GOJ+type+(Mihmanli*and*al.,*2016).+

5.2. Pallia-ve*treatment*

Pallia6ve+ treatment+ is+ applicable+ to+ unresectable+ and+ /+ or+ metasta6c+ GC+ type.+ In+ this+ type+ of+

treatment,+pallia6ve+gastrectomy+may+be+done+for+symptoma6c+tumors+(bleeding)+(Ouchi*and*al.,*

1998).+ It+ can+ be+ also+ combined+ with+ chemotherapy+ or+ chemoradiotherapy+ in+ order+ to+ improve+

pa6ent’s+ survival+ and+ quality+ of+ life.+ However+ pa6ents+ who+ are+ not+ operated+ may+ receive+

chemotherapy+in+first+line+therapy+(drug+combina6ons+used+are+equivalent+to+that+of+the+cura6ve+

treatment)+(Harvey*and*al.,*2004).+

+

Figure)8:)Major)Clinical)Trials)in)Gastric)Adenocarcinoma)With)Targeted)Agents.)Lee*and*al.,*2016)
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different classification schema but also the differences in the
populations studied. Chromosomally unstable tumors were
more prevalent in the proximal stomach, whereas other
groups were more prevalent in more distal regions. It is
well recognized that GAC in Western populations has, in
recent years, become increasingly a disease of the proximal
stomach, mirroring the rise of esophageal adenocarcinoma.
As this subset may be a more aneuploidy variant of GACs, a
cohort such as the TCGA group with more Western patients
would be expected to harbor higher degrees of aneuploidy.
Indeed, in the ACRG cohort, the percentage of diffuse-type
GACs was higher and proximal GACs lower than in the TCGA
study. Regardless of this difference, the prevalence of dis-
tinct oncogene amplification events in these tumors does
speak for the potential of these different alterations to serve
as biomarkers to guide therapy.
Overall, the most important lesson of these differences is

that it is beyond the time to try to devise singular approaches
for GAC. There are substantial molecular and etiologic dif-
ferences across these GACs. Furthermore, even within a
single molecular subtype, there remains highly relevant
heterogeneity. For example, even among the highly aneu-
ploidy GACs, optimal treatment of an ERBB2-amplified and
MET-amplified GACs will clearly differ. As we move forward

to developing new therapies, we will have to take into ac-
count this clear molecular heterogeneity that relates to
different etiologies of genomic instability, different micro-
bial etiologies, and GACs possessing distinct driving somatic
alterations. These differences will impact our approaches
both to standard conventional therapy, emerging targeted
therapies, and immunotherapy.

TARGETED THERAPIES AND IMMUNE SYSTEM
MODULATION TO TREAT GASTRIC
ADENOCARCINOMA
Table 1 summarizes representative important clinical trial
results in GAC.
Negative trials with targeted agents have substantially

outnumbered the positive trials (the ToGA, REGARD, and
RAINBOW trials) in GAC in the past decade. Among other
factors, major factors accounting for this negative outcome
may be (1) many trials did not select the patient population
based on specific target (lacking any biomarker) and did not
account for distinct molecular subtypes and how they may
impact response to therapy, (2) inaccurate biomarker for
selection patient selection (i.e., HER2, fluorescence in situ
hybridization [FISH] vs. HER2 immunohistochemistry [IHC];
FGFR2 FISH vs. FGFR2 IHC;MET FISH vs.MET IHC). Theremay

TABLE 1. Major Clinical Trials in Gastric Adenocarcinoma With Targeted Agents

Target Trial
Type of
Study/Line

Patient
Selection
Method Regimen

Results
(Primary
Endpoint) Reference

HER2 ToGa Phase III/first HER2 IHC 5-FU/capecitabine +
cisplatin 6 trastuzumab

Positive (OS) Bang et al 20105

HER2 LOGIC Phase III/first HER2
amplification

Lapatinib + XELOX Negative (OS) Hecht et al16

XELOX

HER2 TYTAN Phase III/second HER2
amplification

Paclitaxel + lapatinib vs. paclitaxel Negative (OS) Bang et al (2013)17

EGFR EXPAND Phase III/first All comer Cetuximab/XP vs. placebo/XP Negative (OS) Lordick et al18

EGFR REAL-III Phase III/first All comer Panitumumab/EOC vs. EOC Negative (OS) Waddell et al19

EGFR Nimotuzumab Phase II/second All comer Nimotuzumab/irinotecan vs.
irinotecan

Negative Kim et al20

VEGF AVAGAST Phase III/first All comer XP/bevacizumab vs. XP Negative (OS) Van Cutsem et al21

MET RILOMET-1 Phase III/first MET IHC Rilotumumab/ECX vs. ECX Negative (OS) Iveson et al22

MET METGastric Phase III MET IHC Onartuzumab/FOLFOX vs. FOLFOX Negative (OS) Shah et al23

FGFR2 SHINE R-Phase II/second FGFR2
amplification

AZD4547/paclitaxel vs. paclitaxel Negative (PFS) Bang et al (2015)24

mTOR GRANITE Phase III/second
or third

All comer Everolimus vs. placebo Negative (OS) Ohtsu et al25

AKT MK2206 Phase II/second All comer MK-2206 Response rate, 1% Ramanathan et al26

ATM Olaparib R-Phase II/second ATM IHC Paclitaxel/olaparib vs.
paclitaxel/placebo

Negative (PFS) Bang et al (2015)27

VEGF MEGA R-Phase II/first All comer FOLFOX/aflibercept vs. FOLFOX Negative (6-mo PFS) Enzinger et al28

HER2 GATSBY Phase II/III/ second HER2 IHC TDM1 vs. paclitaxel or docetaxel Negative (OS) Kang et al29

VEGFR-2 RAINBOW Phase III/second All comer Paclitaxel/ramucirumab vs.
paclitaxel/placebo

Positive (OS) Wilke et al30

VEGFR-2 REGARD Phase III/third All comer Ramucirumab vs. placebo Positive (OS) Fuchs et al31

Abbreviations: OS, overall survival; XP, capecitabine (Xeloda) and cisplatin; EOC, epirubicin, oxaliplatin, and capecitabine; IHC, immunohistochemistry; ECX, epirubicin, cisplatin, and
capecitabine; PFS, progression-free survival.
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II. THERAPY)BASED)ON)ORGANOMETALLIC)COMPOUNDS)

1.Pla;num)compounds)

1.1. Generality*

As+ I+ have+ described+ previously,+ pla6numKderived+ compounds+ are+widely+ used+ in+ the+ cura6ve+ or+

pallia6ve+ treatment+ for+ GC.+ Many+ pla6num+ deriva6ves+ have+ been+ synthesized,+ but+ only+ 3+ are+

currently+approved+for+worldwide+diffusion+and+use,+namely+cispla6n,+carbopla6n+and+oxalipla6n.+

They+ are+ mainly+ used+ in+ combina6on+ with+ other+ an6cancer+ drugs,+ such+ as+ an6metabolites+ 5K

fluorouracil+ (5FU),+ and+ taxanes+ (placitaxel,+ docetaxel)+ for+ their+ synergis6c+ an6Ktumor+ ac6vity*

(Montagnani*and*al.,*2011).+

+

Cispla6n+or+ cisKdiammine+dichloropla6num+ (II)+ is+ currently+ one+of+ the+

most+used+drugs+in+chemotherapy+for+its+cytotoxic+effect+and+low+cost.+

This+molecule+was+ synthesized+by+M.+Peyrone+ in+1844,+but+ it+was+not+

un6l+1960+that+ its+an6Ktumor+ac6vity+was+described+by+M.+Rosenberg.+

The+first+clinical+phase+I+trial+was+realized+in+1971.+Soon+aner,+cispla6n+

was+approved+by+ the+FDA+ in+1978+exclusively+ for+ the+ treatment+of+ tes6cular+and+ovarian+cancer.+

Since+ then+ it+ has+ been+ approved+ for+ many+ cancers+ such+ as+ bladder,+ cervical,+ head+ and+ neck,+

stomach,+smallKcell+and+nonKsmall+cell+lung+cancer+(Dasari*and*al.,*2014;*Ali*and*al.,*2013).+Despite+

its+role+as+standard+in+the+treatment+of+cancer,+there+are+two+major+limita6ons+in+its+use:+many+de*

novo+ or+ acquired+ resistances+ have+ been+ described,+ and+ mul6Ktoxicity+ was+ observed,+ including+

nephrotoxicity+and+eme6c+ac6vity.+This+is+why+more+than+a+hundred+analogues+were+synthesized+in+

the+last+finy+years+in+order+to+counteract+the+deleterious+effects+of+cispla6n.+Among+these+2nd+and+

3rd+genera6on+analogs,+only+carbopla6n+(1989)+and+oxalipla6n+(2002)+have+been+approved+for+the+

treatment+of+many+cancers+(Moncharmont*and*al.,*2011).+

Carbopla6n+ or+ cisKdiammine+ (1,1Kcyclobutanecarboxylato)+ pla6num+

(II)+ demonstrated+ less+ side+ effects+ in+ comparison+ with+ cispla6n,+

especially+ the+ nephrotoxic+ ac6vity.+ In+ terms+ of+ structure+ it+ differs+

from+ cispla6n+ by+ the+ presence+ of+ a+ bidentate+ dicarboxylate+ ligand+

instead+ of+ two+ chloride+ ligands+ observed+ for+ cispla6n.+ It+ has+ the+

ability+ to+ form+ the+ same+ interstrand+ DNA+ adduct+ as+ observed+ with+ cispla6n,+ which+ leads+ to+

significant+resistance+crossKreac6vity+with+cispla6n+(Burger*and*al.,*2011).+It+has+a+similar+spectrum+

of+efficacy+ to+cispla6n+but+with+a+ lower+ reac6vity+and+a+slower+DNA+binding+kine6cs.+Four+6mes+
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Platinum Compounds: A Hope for Future Cancer Chemotherapy 
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Abstract: The discovery of cis-platin and its second and third generation analogues created a hope in cancer chemotherapy. Cis-platin 
and its second generation analogue carboplatin have been used for the treatment of some cancers from a long time. The third generation 
analogues have superior anti-cancer profiles for curing a few cancers. Unfortunately, certain side effects such as renal impairment, 
neurotoxicity and ototoxicity etc. are associated with these drugs. But, combination therapy makes these analogues more effective with 
fewer side effects. In addition, the results of some ongoing clinical trials will make the safety profile clear in near future. The present 
article describes the current status of cis-platin and its analogues in cancer chemotherapy. In addition, special emphasis has been made on 
cis-platin discovery, development of second (carboplatin, oxaliplatin, nedaplatin) and third (lobaplatin, heptalatin) generation analogues, 
comparison of their chemotherapies, mechanism of action, therapeutic status, recent developments and chronology. Moreover, attempts 
have been made to describe the future perspectives of these drugs in the cancer treatment. 

Keywords: Cis-platin and its analogues, Comparison of chemotherapies, Mechanism of action, Therapeutic status, Recent developments, 
Chronology and future perspectives. 

INTRODUCTION 

 The medicinal use of metal ions dates back to about 5000 years 
[1]. Many compounds with metal ions have been used for various 
medicinal purposes including cancer [2]. Metal based molecules are 
biologically active due to their binding capacities with important 
biological entities such as proteins, enzymes, hormones, nucleic 
acids etc. Probably, it is due to the presence of vacant d-orbitals and 
positive charge on metal ions, which act as binding sites [3]. It  
was Barnett Rosenberg in 1965, who accidentally discovered the 
biological activity of cis-platin, which was recognized as an 
anticancer drug [4-6]. This miraculous discovery was followed by 
extensive research and, thus, as a result many platinum based 
complexes were synthesized and tested as anti-cancer agents. 
Besides, some other structurally diverse coordination compounds 
have been synthesized and reported along with their cell line 
activities for the treatment of cancer; with a quest for the 
development of new antitumor agents [7, 8]. However, metal ion 
based molecules could not achieve a good status in cancer treatment 
due to their several side effects. Therefore, for safe medication,  
the knowledge of the mechanism of action is essential for the 
development of novel agents. A good understanding of the 
mechanism of action of metal complexes is also important for their 
clinical success as well as to the rational drug design [9]. Unlike 
other drugs, metal centered drugs affect cellular processes in much 
dramatic fashion. They not only affect natural processes (cell 
division and gene expression) but also non-natural processes 
including toxicity, carcinogenicity, and antitumor chemistry [10-
17]. Some reviews have been published [3, 10, 18-19, 20-21] on 
this topic during last two decades; describing different aspects of 
platinum complexes. Now, it is the time to review the status of 
platinum compounds in cancer treatment. In view of these facts, 
attempts have been made to describe the state-of-art of platinum 
complexes as anti-cancer drugs. The present article describes 
various aspects such as the discovery of cis-platin, second and third 
generation cis-platin analogues, comparison of platinum 
complexes chemotherapies, mechanism of action, therapeutic 
status and future perspectives of platinum anti-cancer drugs. 
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Discovery of Cis-platin : A Breakthrough in Drug Development 

 Cis-platin {cis-[Pt(NH3)2Cl2]}, (1) was first synthesized by 
Peyrone in 1844 (Italy) but, unfortunately, its biological activity 
was discovered much late by Rosenberg et al. [4-6] (1965). The 
biological significance of platinum was observed during a study of 
effect of alternating currents on the growth of Escherichia coli by 
Rosenberg et al. [4-6]. He observed the inhibition of binary cell 
division of bacterial cell with no effect on the cell growth, which 
was an interesting observation that led to extensive research. It was 
concluded that small amounts of platinum from the electrodes had 
reacted with NH4Cl to produce various platinum amine halide 
complexes. Among the complexes formed cis-[Pt(NH3)2Cl2] and its 
corresponding tetrachloro complex cis-[Pt (NH3)2Cl4] were capable 
to induce filamentous growth in the absence of an electric field 
[19]. Later on, Rosenberg and coworkers [22, 23] screened cis-
platin on sarcoma 180 and leukemia L1210 bearing mice for the 
evaluation of its biological activity, which led this complex in phase 
I clinical trials in 1971. As a result of these studies, cis-platin was 
approved for the treatment of testicular and ovarian cancer [24]. 
Nowadays, cis-platin is one of the most widely used antitumor 
drugs for testicular, ovarian, bladder, cervical, head and neck and 
small-cell and non-small cell lung cancers [22, 24]. Despite of good 
clinical success of cis-platin, it lacks tumor tissue selectivity 
leading to some severe side effects like renal impairment, 
neurotoxicity and ototoxicity (loss of balance/hearing). Moreover, 
long term or high-dose therapy of cis-platin may cause severe 
anemia. To combat these problems, new cis-platin analogues, 
leading to second and third generation platinum based drugs have 
been synthesized over the last past 30 years [3].  

 

 

1: Cis-platin - The Precursor molecule to whole lot of metal centered anti-

cancer drugs. 

 
Second Generation Cis-platin Analogues  

 As discussed above, some side effects restricted the applications 
of cis-platin, which compelled scientists to exploit different 
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strategies for developing new platinum based drugs. Of course, 
some attempts have been made and the second generation platinum 
complexes were synthesized and tested as anti-cancer drugs [25]. 
The second generation platinum based drugs include carboplatin, 
oxaliplatin and nedaplatin. These complexes are discussed below. 

Carboplatin 

 Carboplatin is sold by the trade name of Paraplatin® while its 
IUPAC name is Diammine-[1,1-cyclobutyldicarboxylato-(2-)O,O']) 
platinum(II)]. This is the first complex of second generation 
analogues. It was introduced by Johnson Matthey Plc. Institute of 
Cancer Research, London, UK, through a collaborative project of 
platinum drug discovery and development. This molecule differs 
from cis-platin in having cyclobutyldicarboxylato; a didentate 
ligand as the leaving group in place of two chlorides (2). Like cis-
platin, carboplatin exhibits anti-cancer activities for ovarian 
carcinoma, lung, head and neck cancers. It is interesting to note that 
this complex has fewer side effects, which are supposed to be due 
to the presence of the chelating Cyclobutane-1,1-dicarboxylate 
ligand [26]. Carboplatin has been suggested as pro-drug for cis-
platin [21] and the rate of aquation is slow in former as compared to 
the latter [27]. Frey et al. [28] showed that the major reaction path 
of carboplatin involves the direct attack by nucleophiles via ring 
opening in carboplatin and subsequent binding with DNA 
constituents. Owing to the reduced spectrum of deleterious side 
effects, carboplatin is well tolerated by patients and can be used at 
high doses than cis-platin [29]. 

Oxaliplatin 

 Oxaliplatin with IUPAC and brand name as {[(1R,2R)-
Cyclohexane-1,2-diamine][ethanedioato-O,O']-platinum(II)} and 
Eloxatin® was the first drug approved for overcoming cis-platin 
resistance. Kidani et al. [30] was the first to synthesize oxaliplatin 
and the drug is known to exhibit stronger antitumor activity against 
various colon cancer cell lines than its predecessors, cis-platin and 
carboplatin. In oxaliplatin (2) a single didentate ligand, (1R,2R)-
cyclohexane- 1,2-diamine (R, R-dach) replaces two ammine ligands 
of cis-platin [31]. Probably, the overcome of cis-platin resistance by 
this drug is thought to be because of different adduct formation with 
DNA [32]. The drug was first approved in France (1996), USA 
(2002) and Japan (2005). Sanofi-Aventis developed and marketed 
the drug throughout the world. USA Food and Drug Administration 
approved generic formulations of this drug in 2009. The drug has 
wide acceptance for the treatment of adjuvant and metastatic 
colorectal cancers when used with 5- FU and folinic acid [33]. 
Recently, clinical trials have been carried out to extend its  
spectrum of activity for the treatment of metastatic gastric and 
oesophagogastric adenocarcinoma [34]. Besides, attempts have 
been made to improve its effectiveness against colorectal cancers 
through administration with different drugs such as capecitabine 
and irinotecan [35]. Recent clinical trials of this drug (April 2010) 
included examination for efficacy in gastric, fallopian tube, ovarian, 
breast, non-small cell lung cancer, pancreatic cancers, acute 
myeloid leukemia, indolent lymphoma and heptoma. The drug 
mainly forms GpG intrastrand adducts with the bulky hydrophobic 
dach ligand pointing into DNA major groove and preventing the 
binding of DNA [36]. Moreover, the oxalate ligand is also known to 
reduce the severity of side effects of the drug compared with cis-
platin [33, 37]. 

Nedaplatin 

 Nedaplatin is known by the name of Diamine[hydroxyacetato 
(2-)-O,O'] platinum(II) and Aqupla® as IUPAC and brand names, 
respectively (2). It is a second-generation cis-platin analogue 
synthesized by Shionogi & Co., Ltd. (Osaka, Japan). It has tenfold 
greater water solubility than cis-platin, and quite significantly less 

nephrotoxicity than both cis-platin and carboplatin [38, 39]. 
Nedaplatin has been shown to possess better anticancer activity 
than carboplatin. It has also similar potencies as of cis-platin with 
fewer side effects [39, 40]. Since the approval of this drug (1995)  
it has been used in the treatment of non-small cell lung cancer, 
small cell lung cancer, esophageal cancer and head and neck 
cancers [39-41]. The minimum therapeutic dose (MTD) of 
nedaplatin is 90.0 mgm-2 with thrombocytopenia and neutropenia as 
dose limiting toxicities (DLTs) [42]. Promising results have been 
obtained from several Phase I and Phase II studies when nedaplatin 
was used in combination therapies e.g. treatment of oral squamous 
cell carcinoma. Nedaplatin and docetaxel regime gave a partial 
response (PR) rate of 33% [43]. Nedaplatin in combination with 
paclitaxel; in the treatment of metastatic oesophageal carcinoma; 
gave a complete response (CR) rate of 3% and a partial response 
(PR) rate of 41%. Moreover, the treatment by nedaplatin with 
irinotecan drugs; followed by gefitnib dosage of non-small cell  
lung cancer (NSCLC) had an overall response (OR) rate of 43% 
[44].  

 

   

2: Second generation cis-platin analogues. 

 

Third Generation Cis-platin Analogues 

 In spite of good biological activities of second generation 
platinum complexes, scientists furthermore attempted to improve 
these drugs by minimizing their side effects. This approach resulted 
into the syntheses of third generation platinum analogues. 
Lobaplatin and heptaplatin represent the third generation platinum 
anticancer drugs. A brief description of these two third generation 
anti-cancer drugs has been discussed below. 

Lobaplatin 

 Lobaplatin has {[2-Hydroxypropanoato (2-)-O1,O2] [1,2-
cyclobutanedimethanamine-N,N']-platinum(II)} as IUPAC name 
(3). DNA alkylating activity of this drug was developed by ASTA 
Medica (Degussa) for the treatment of cancer. This drug is often 
administered as a diastereomeric mixture of S,S- and R,R- 
configurations of the carrier ligand. Lobaplatin has been approved 
for the treatment of chronic myelogenous leukemia, inoperable 
metastatic breast cancer and small cell lung cancer [45]. Moreover, 
a combination of lobaplatin with vinorelbine was tried for the 
treatment of the of late-stage non-small cell lung cancer. But no 
improvement in the efficacy of the treatment was observed as 
compared to a vinorelbine/ cis-platin regime. Contrarily, lobaplatin/ 
vinorelbine regime produced 37% PR rate in patients of advanced 
breast cancer [46]. Currently, a combination of lobaplatin with 5-
FU and leucovorin is under phase III clinical trials for the treatment 
of recurrent or metastatic esophageal carcinoma [47]. It is 
interesting to note that no alopecia [49] renal, neuro-ototoxic side 
effects are observed after IV bolus injection [49-53]. However, 
anemia, nausea and vomiting, are observed as side effects [48, 49, 
54]. In addition, thrombocytopenia is the most commonly observed 
dose limiting toxicity associated with this drug [46, 48, 50, 52-56].  

Heptaplatin 

 IUPAC and brand names of heptaplatin are {[Propanedioato 
(2-)-O,O'][2-(1-methylethyl)-1,3-dioxolane-4,5-dimethanamine-N,N']-
platinum(II)} and Sunpla, respectively (3). The drug was originally 
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more+carbopla6n+molecules+are+required+to+obtain+an+equivalent+effect+to+cispla6n.+Moreover,+its+

significant+higher+cost+ leads+to+a+ limited+use+to+the+ovarian,+ lung+and+head+and+neck+cancer.+ It+ is+

mostly+ described+ for+ its+ role+ in+ the+ tumor+ radiosensi6vity.+ One+ of+ the+major+ side+ effects+ of+ this+

treatment+ is+ its+ myelosuppressive+ ac6vity+ that+ causes+ decreased+ produc6on+ of+ blood+ cells+ and+

platelets+in+the+bone+marrow+down+to+10%+of+the+usual+produc6on+(Carter*and*al.,*1985).+

+

Oxalipla6n+differs+with+cispla6n+in+its+structure+by+the+presence+of+a+

bulky+ diaminocyclohexane+ ligand+ (DACH).+ It+ has+ the+ ability+ to+ form+

the+ same+ DNA+ adducts+ as+ cispla6n+ but+ they+ are+ recognized+ by+

different+repair+proteins.+The+mismatch+repair+pathway+(MMR)+does+

not+ seem+ to+ be+ involved+ in+ the+ repair+ mechanisms+ following+

treatment+ with+ oxalipla6n+ in+ contrast+ with+ what+ is+ observed+ for+ cispla6n.+ Indeed,+ the+ cells+

presen6ng+ +a+ loss+of+MMR+are+resistant+to+cispla6n,+but+not+to+oxalipla6n+(Scheeff*and*al.,*1999;*

Meyerhardt*and*al.,*2005).+ This+ change+ in+ the+ recogni6on+of+DNA+damage+allows+a+ lower+crossK

reac6vity+ with+ cispla6n.+ This+ is+ why+ it+ was+ the+ first+ drug+ to+ be+ approved+ to+ replace+ cispla6n.+

Originally,+ its+ use+ has+ been+ approved+ for+ colon+ cancer,+ and+ was+ then+ extended+ to+ many+ other+

cancers.+

1.2. Mode*of*ac-on*of*pla-num*compounds*

Cispla6n,+carbopla6n+and+oxalipla6n+are+compounds+of+the+alkyla6ng+family.+They+are+composed+of+

doubly+ charged+ pla6num+ ion+ surrounded+ by+ four+ ligands.+ The+ amine+ ligands+ on+ the+ len+ side+

forming+ stronger+ interac6ons+ with+ the+ pla6num+ ion,+ and+ the+ chloride+ ligands+ or+ carboxylate+

compounds+on+the+right+side+forming+ leaving+groups.+This+results+ in+the+capacity+of+the+pla6num+

ion+to+form+bonds+with+DNA+bases+as+described+by+Dasari*and*al,*2014.++

1.2.1. Transport+and+biotransforma6on+of+Cispla6n+

Cispla6n+is+ac6ve+once+inside+the+cell.+Its+transport+into+the+cell+is+mostly+passive,+but+it+can+also+be+

ac6ve+by+the+solute+carrier+importers+(CRT1,+AQP2,+AQP9).+Once+inside+the+cytoplasm,+cispla6n+is+

hydrolyzed+so+the+chlorides+atoms+will+be+replaced+by+mono+or+diaquaKmolecules,+which+confer+to+

cispla6n+ an+ electrophilic+ poten6al+ and+ allows+ it+ to+ interact+ with+ any+ nucleophiles+ such+ as+ the+

sul~ydryl+group+(KSH)+on+proteins+and+the+nitrogen+donor+atom+on+the+nucleic+acid.+Cispla6n+binds+

to+ the+ N7+ reac6ve+ center+ on+ purine+ residues,+ resul6ng+ in+ DNA+ damage,+ cell+ cycle+ arrest+ and+

apoptosis+of+the+cell+(Cohen*and*al.,*2001;*Wilshaw,*1979;*Siddik,*2003).+The+1,2Kintrastrand+crossK
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strategies for developing new platinum based drugs. Of course, 
some attempts have been made and the second generation platinum 
complexes were synthesized and tested as anti-cancer drugs [25]. 
The second generation platinum based drugs include carboplatin, 
oxaliplatin and nedaplatin. These complexes are discussed below. 

Carboplatin 

 Carboplatin is sold by the trade name of Paraplatin® while its 
IUPAC name is Diammine-[1,1-cyclobutyldicarboxylato-(2-)O,O']) 
platinum(II)]. This is the first complex of second generation 
analogues. It was introduced by Johnson Matthey Plc. Institute of 
Cancer Research, London, UK, through a collaborative project of 
platinum drug discovery and development. This molecule differs 
from cis-platin in having cyclobutyldicarboxylato; a didentate 
ligand as the leaving group in place of two chlorides (2). Like cis-
platin, carboplatin exhibits anti-cancer activities for ovarian 
carcinoma, lung, head and neck cancers. It is interesting to note that 
this complex has fewer side effects, which are supposed to be due 
to the presence of the chelating Cyclobutane-1,1-dicarboxylate 
ligand [26]. Carboplatin has been suggested as pro-drug for cis-
platin [21] and the rate of aquation is slow in former as compared to 
the latter [27]. Frey et al. [28] showed that the major reaction path 
of carboplatin involves the direct attack by nucleophiles via ring 
opening in carboplatin and subsequent binding with DNA 
constituents. Owing to the reduced spectrum of deleterious side 
effects, carboplatin is well tolerated by patients and can be used at 
high doses than cis-platin [29]. 

Oxaliplatin 

 Oxaliplatin with IUPAC and brand name as {[(1R,2R)-
Cyclohexane-1,2-diamine][ethanedioato-O,O']-platinum(II)} and 
Eloxatin® was the first drug approved for overcoming cis-platin 
resistance. Kidani et al. [30] was the first to synthesize oxaliplatin 
and the drug is known to exhibit stronger antitumor activity against 
various colon cancer cell lines than its predecessors, cis-platin and 
carboplatin. In oxaliplatin (2) a single didentate ligand, (1R,2R)-
cyclohexane- 1,2-diamine (R, R-dach) replaces two ammine ligands 
of cis-platin [31]. Probably, the overcome of cis-platin resistance by 
this drug is thought to be because of different adduct formation with 
DNA [32]. The drug was first approved in France (1996), USA 
(2002) and Japan (2005). Sanofi-Aventis developed and marketed 
the drug throughout the world. USA Food and Drug Administration 
approved generic formulations of this drug in 2009. The drug has 
wide acceptance for the treatment of adjuvant and metastatic 
colorectal cancers when used with 5- FU and folinic acid [33]. 
Recently, clinical trials have been carried out to extend its  
spectrum of activity for the treatment of metastatic gastric and 
oesophagogastric adenocarcinoma [34]. Besides, attempts have 
been made to improve its effectiveness against colorectal cancers 
through administration with different drugs such as capecitabine 
and irinotecan [35]. Recent clinical trials of this drug (April 2010) 
included examination for efficacy in gastric, fallopian tube, ovarian, 
breast, non-small cell lung cancer, pancreatic cancers, acute 
myeloid leukemia, indolent lymphoma and heptoma. The drug 
mainly forms GpG intrastrand adducts with the bulky hydrophobic 
dach ligand pointing into DNA major groove and preventing the 
binding of DNA [36]. Moreover, the oxalate ligand is also known to 
reduce the severity of side effects of the drug compared with cis-
platin [33, 37]. 

Nedaplatin 

 Nedaplatin is known by the name of Diamine[hydroxyacetato 
(2-)-O,O'] platinum(II) and Aqupla® as IUPAC and brand names, 
respectively (2). It is a second-generation cis-platin analogue 
synthesized by Shionogi & Co., Ltd. (Osaka, Japan). It has tenfold 
greater water solubility than cis-platin, and quite significantly less 

nephrotoxicity than both cis-platin and carboplatin [38, 39]. 
Nedaplatin has been shown to possess better anticancer activity 
than carboplatin. It has also similar potencies as of cis-platin with 
fewer side effects [39, 40]. Since the approval of this drug (1995)  
it has been used in the treatment of non-small cell lung cancer, 
small cell lung cancer, esophageal cancer and head and neck 
cancers [39-41]. The minimum therapeutic dose (MTD) of 
nedaplatin is 90.0 mgm-2 with thrombocytopenia and neutropenia as 
dose limiting toxicities (DLTs) [42]. Promising results have been 
obtained from several Phase I and Phase II studies when nedaplatin 
was used in combination therapies e.g. treatment of oral squamous 
cell carcinoma. Nedaplatin and docetaxel regime gave a partial 
response (PR) rate of 33% [43]. Nedaplatin in combination with 
paclitaxel; in the treatment of metastatic oesophageal carcinoma; 
gave a complete response (CR) rate of 3% and a partial response 
(PR) rate of 41%. Moreover, the treatment by nedaplatin with 
irinotecan drugs; followed by gefitnib dosage of non-small cell  
lung cancer (NSCLC) had an overall response (OR) rate of 43% 
[44].  

 

   

2: Second generation cis-platin analogues. 

 

Third Generation Cis-platin Analogues 

 In spite of good biological activities of second generation 
platinum complexes, scientists furthermore attempted to improve 
these drugs by minimizing their side effects. This approach resulted 
into the syntheses of third generation platinum analogues. 
Lobaplatin and heptaplatin represent the third generation platinum 
anticancer drugs. A brief description of these two third generation 
anti-cancer drugs has been discussed below. 

Lobaplatin 

 Lobaplatin has {[2-Hydroxypropanoato (2-)-O1,O2] [1,2-
cyclobutanedimethanamine-N,N']-platinum(II)} as IUPAC name 
(3). DNA alkylating activity of this drug was developed by ASTA 
Medica (Degussa) for the treatment of cancer. This drug is often 
administered as a diastereomeric mixture of S,S- and R,R- 
configurations of the carrier ligand. Lobaplatin has been approved 
for the treatment of chronic myelogenous leukemia, inoperable 
metastatic breast cancer and small cell lung cancer [45]. Moreover, 
a combination of lobaplatin with vinorelbine was tried for the 
treatment of the of late-stage non-small cell lung cancer. But no 
improvement in the efficacy of the treatment was observed as 
compared to a vinorelbine/ cis-platin regime. Contrarily, lobaplatin/ 
vinorelbine regime produced 37% PR rate in patients of advanced 
breast cancer [46]. Currently, a combination of lobaplatin with 5-
FU and leucovorin is under phase III clinical trials for the treatment 
of recurrent or metastatic esophageal carcinoma [47]. It is 
interesting to note that no alopecia [49] renal, neuro-ototoxic side 
effects are observed after IV bolus injection [49-53]. However, 
anemia, nausea and vomiting, are observed as side effects [48, 49, 
54]. In addition, thrombocytopenia is the most commonly observed 
dose limiting toxicity associated with this drug [46, 48, 50, 52-56].  

Heptaplatin 

 IUPAC and brand names of heptaplatin are {[Propanedioato 
(2-)-O,O'][2-(1-methylethyl)-1,3-dioxolane-4,5-dimethanamine-N,N']-
platinum(II)} and Sunpla, respectively (3). The drug was originally 
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link+of+purine+bases+is+the+most+notable+change+in+DNA+structure+with+90%+of+d(GpG)+adducts+and+

10%+of+ d(ApG)+ adducts.+ 1,3Kintrastrand+d(GpXpG)+ and+ interKstrand+ adducts+ are+ also+observed+ to+

play+a+role+in+the+cytotoxicity+of+cispla6n+(Figure)9)*(Crul*and*al.,*2002;*Boulikas,2007).+

+

Figure) 9:+ DNA+ adduct+ forma6on+ with+ cispla6n+ leaving+ two+ amino+ groups+ coordinated+ on+ the+

pla6num+atom,+Boulikas,*2007a.+

1.2.2. Recogni6on+of+pla6numKDNA+adducts+

The+ DNAKcispla6n+ adducts+ generate+ a+ distor6on+ of+ the+ DNA+ double+ helix.+ This+ conforma6onal+

change+will+ allow+ exposure+ of+ the+minor+ groove+ of+ DNA+ and+ thus+ the+ interac6on+with+ different+

nuclear+ proteins+ such+ as+ the+ HMG+ domain+ proteins,+ the+ repair+ proteins,+ and+ the+ transcrip6on+

factors.+Among+them,+the+role+of+HMG+box+proteins+has+been+mainly+described+in+the+recogni6on+

of+ the+1,2Kintrastrand+adducts+ (Wang*and*al.,*2005).+HMG+domain+proteins+are+part+of+ the+ large+

group+of+the+nonKhistone+chromosomal+proteins.+They+have+the+ability+to+fix+specific+structures+of+

DNA+or+chroma6n+with+liqle+or+no+sequence+specificity.+The+HMG+protein+domains,+HMG1,+HMG2,+

UBF+are+known+to+recognize+DNAKcispla6n+adducts.+They+bind+specifically+to+the+cispla6n+adducts+

and+ act+ as+ shield+ to+ prevent+ their+ repair.+ Thus,+ these+ proteins+ play+ an+ important+ role+ in+ the+
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Therapeutic interventions at all these molecular levels, 
either with gene transfer or with small molecules that 
interfere with these processes, would greatly affect the 
ability of cancer cells to cope with cisplatin damage 
(Boulikas, 2007). The discovery of novel platinum 

molecules could also lead to novel advancements in 
bypassing cisplatin resistance (McKeage, 2005). 

 

C. Cisplatin and modulation of signaling 

A number of additional properties of cisplatin are 
now emerging including activation of signal transduction 
pathways leading to apoptosis. Firing of such pathways 

may originate at the level of the cell membrane after 
damage of receptor or lipid molecules by cisplatin, in the 
cytoplasm by modulation of proteins via interaction of 
their thiol groups with cisplatin, for example involving 
kinases, and other enzymes or finally from DNA damage 
via activation of the DNA repair pathways (reviewed by 
Boulikas and Vougiouka, 2003, 2004; Boulikas, 2007). 
Activation of p38 MAPK is a critical requisite for the 
therapeutics activity of cisplatin; although c-Abl as a 

major determinant of p38 MAPK activation, p38 MAPK 
activation in response to cisplatin does not require the 
tyrosine kinase activity of c-Abl but instead involves the 

ability of c-Abl to increase the stability of MKK6 (Galan-
Moya et al, 2008).  

Cisplatin induces oxidative stress and is an activator of 

stress-signaling pathways especially of the mitogen-
activated protein (MAP) kinase cascades. Cisplatin induces 
caspase activation in enucleated cells (cytoplasts lacking a 
cell nucleus) in a mechanism associated with rapid induction 
of cellular reactive oxygen species and increases in Ca2+, 
induces clustering of Fas/CD95 in the plasma membrane, 

long-term growth arrest ("premature cell senescence"), and 
mitotic catastrophe (reviewed by Boulikas, 2007; Havelka et 
al, 2007). Cisplatin induced E-cadherin cleavage resulting in 
disconnection of the actin cytoskeleton and accumulation of 
E-cadherin and beta-catenin in the cytoplasm; E-cadherin 
cleavage was caused by a caspase-3-mediated mechanism 
involving the Akt/PKB and the ERK1/2 signaling pathways 
known to be activated by cisplatin (Fuchs et al, 2008).  

Cisplatin is a pleitropic molecule and additional 

mechanisms of action have been described. For example, a 
novel mechanism that may be involved in the activity and/or 
toxicity of platinum agents is its ability to inhibit pre-mRNA 
splicing, an important mechanism in the biosynthesis of 

mRNA; the inhibitory activity decreased in the order: 
ormaplatin > cis-tetraplatin > cisplatin > iproplatin > 
carboplatin (Schmittgen et al, 2003).  

 

 

 

 

Figure 2. DNA adduct formation with cisplatin leaving two amino groups coordinated on the platinum atom  



sensi6vity+of+cells+to+cispla6n+(Wozniak*and*al.,*2002).+To+support+this+effect,+overexpression+of+this+

recogni6on+protein+ like+HMG1+ in+breast+ cancer+aner+preKexposure+of+estrogen+ sensi6zes+ cells+ to+

cispla6n+(He*et*al.,*2000).+Among+these+proteins,+HMGB1+is+known+for+its+DNAKdependent+ac6vity.+

It+has+the+ability+to+interact+with+the+complex+elements+of+the+MMR,+hMutSα+and+MLH2,+to+prevent+

DNA+ repair.+ It+ is+ also+ able+ to+ interact+ with+ some+ transcrip6on+ factors+ such+ as+ p53,+ a+ tumor+

suppressor+increasing+its+DNAKbinding+ac6vity.+Conversely,+p53+itself+is+able+to+increase+the+affinity+

of+ HMGB1+ for+ cispla6n+ adducts,+ which+ can+ prevent+ the+ damage+ repair+ by+ nucleosome+ excision+

repair+pathway+(NER)+(Wang*and*al.,*2005;*Wozniak*and*al.,*2002).+

1.2.3. DNA+repair+pathway+

The+distor6on+of+DNA+induced+by+the+adduct+forma6on+of+cispla6nKDNA+will+allow+its+recogni6on+

by+different+repair+pathways+cons6tuted+of+more+than+20+proteins.+The+pathways+that+have+been+

the+most+involved+in+this+context+are+the+nucleo6de+excision+repair+(NER)+and+the+path+of+mismatch+

repair+(MMR)+(Shen*and*al.,*2012).+

Figure) 10:) Nucleo;de) excision) repair) (NER)) pathway.)

Mladenov*and*al.,*2011+

The+ NER+ pathway+ consists+ of+ several+ steps+ to+ correct+ the+

damage+ caused+ to+ DNA+ by+ cispla6n.+ The+ distor6on+ of+ the+

DNA+ created+ by+ the+ cispla6nKDNA+ adduct+ will+ allow+ the+

aqachment+of+many+proteins+ of+ the+NER+ (Vasquez* and*al.,*

2002).+ Aner+ a+ lesion+ recogni6on+ step+ followed+ by+ their+

verifica6on,+ they+are+ incised+/+excised,+which+ results+ in+ the+

removal+of+a+30+base+pairs+fragment+of+singleKstranded+DNA,+

DNA+will+ then+be+ resynthesized+and+ ligated.+ There+are+ two+

subtypes+of+NER,+the+transcrip6onKcoupled+repair+(TCR)+and+

global+genome+repair+(GGR).+Briefly,+the+proteins+involved+in+

these+ steps+ are:+ the+ XPAKRPA+ complex+ enables+ the+

recogni6on+/+verifica6on+of+cispla6nKDNA+damage+and+allow+

the+ recruitment+ of+ the+ general+ transcrip6on+ factor+ TFIIH+

compound+ of+ helicases+ (XPB+ and+ XPD).+ The+ ac6on+ of+

helicases+allows+the+binding+of+the+endonucleases+XPG+and+

ERCC1+/+XPF,+which+cut+in+5’+and+3'+of+the+lesion+and+allow+to+

remove+the+adducts*(Fink*and*al.,*1996;*Rosell*and*al.,*2003;*
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Seetharam*and*al.,*2009).+Cispla6n+ is+one+of+ the+most+used+ treatment+ for+ tes6cular+ cancer+with+

high+ sensi6vity.+ This+ is+ explained+ by+ a+ low+ capacity+ to+ remove+ adducts+ result+ in+ a+ decreased+

expression+of+the+XPA+and+XPF+factors.+We+can+thus+conclude+that+the+NER+is+a+key+mechanism+in+

the+development+of+cispla6n+resistance+(Welsh*and*al.,*2004).*

*

The+MMR+ is+ a+ postKreplica6ve+DNA+ repair+

process+ involved+ in+ maintaining+ genome+

stability+ through+ the+ correc6on+ of+ single+

base+mismatches+ and+mismatches+ loop+ in+

newly+replicated+DNA++

Figure) 11:) Representa;on) of) the) MMR,+

Mar-n*and*al.,*2002+

Cispla6nKDNA+ adducts+ are+ recognized+ by+ the+ MutS+ complex+ (MSH2KMSH6)+ allowing+ the+

recruitment+ of+ MLH1,+ the+ postKmeio6c+ segrega6on+ 2+ (PSM2)+ and+ the+ exonuclease+ EXO1.+ Aner+

excision+of+ the+ lesion,+ the+prolifera6ng+cell+nuclear+an6gen+ (PCNA)+allows+ the+aqachment+of+ the+

DNA+polymerase+to+repair+the+lesion+(Manic*and*al.,*2003).+Instead+of+increasing+cell+viability,+the+

MMR+is+known+to+be+significant+for+cispla6nKmediated+cytotoxicity+(Basu*et*al.,*2010).+Indeed+the+

loss+ of+ func6on+ of+ the+ MMR,+ by+ decreased+ expression+ of+ MLH1+ or+ MSH2,+ results+ in+ the+

development+ of+ cispla6n+ resistance+ in+ esophageal+ cancer* (Kishi* et* al.,* 2003).+ Two+ pathways+ are+

described+to+explain+the+role+of+MMR+in+the+induc6on+of+apoptosis+in+response+to+cispla6n.+First,+

the+ MMR+ can+ make+ ‘fu6les+ cycling'+ repairs,+ causing+ doubleKstrand+ break+ of+ DNA+ and+ thus+

apoptosis.+ Moreover,+ MMR+ proteins+ are+ described+ for+ their+ role+ as+ a+ sensor+ of+ DNA+ damage,+

leading+ to+ the+ recruitment+ of+ATM+and+ATR,+ two+proteins+ involved+ in+ the+ checkpoint+ of+ the+ cell+

cycle,+leading+to+apoptosis+of+the+cell+(Jamieson*and*al.,*1999;*Bellacosa*and*al.,*2001).+
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1.2.4. Transduc6on+of+DNAKdamage+signals+

Cispla;n)and)p53)family)protein)

Part+ of+ cispla6n+ cytotoxicity+ is+ linked+ to+ p53K+ and+ p73Kdependent+ apoptosis.+ The+ p53+ family+

proteins+are+transcrip6on+factors+that+have+a+strong+tumor+suppressor+ac6vity.+They+are+involved+in+

many+ cellular+ processes+ such+ as+ DNA+ damage+ by+ regula6ng+ the+ cell+ cycle,+ cell+ death+ and+ DNA+

repair.+

p53) is+ known+ to+ be+mutated+ in+ 50%+of+ cancers+ and+ inac6vated+ in+ 60%+of+GC+ (Hollstein* and* al.,*

1991).+ Upon+ genomic+ stress,+ such+ as+ cispla6n+ treatment,+ p53+ acts+ in+ maintaining+ the+ genomic+

integrity+by+the+transcrip6onal+ac6vity+of+its+target+genes+such+as+CDKN1A+(p21,+cell+cycle+arrest)+or+

PMAIP1*(Noxa,+proKapopto6c).+

Figure) 12:) Transduc;on) of) DNAcdamage)

signals:) p53) and) cispla;n.) Wang* and*

Lippard,*2005)

In+ response+ to+ DNA+ damage+ (Figure) 12),+

ATM+phosphorylates+and+thus+ac6vates+p53.+

p53+ can+ then+ ac6vate+ the+ transcrip6on+ of+

its+target+genes,+CDKN1A*(p21),+mouse+dual+

minute+2+homolog+(MDM2)+or+45kDKgrowth+

arrest+ and+ DNA+ damage+ (GADD45).+ These+

targets+ will+ allow+ the+ cell+ cycle+ arrest+ and+

DNA+ repair.+Moreover,+ p53+ is+ described+ to+

interact+ with+ the+ proteins+ of+ the+ NER+ as+

XPC,+TFIIH+(Adimoolamand*al.,*2002;*2003).+

Finally+p53+can+induce+apoptosis+of+the+cell+

by+ the+ transcrip6onal+ ac6va6on+ of+ proK

apopto6c+ genes+ such+ as+ BBC3* (PUMA),+ a+

proKapopto6c+ Bcl2Kmember,+ and+ it+ can+ bind+ directly+ on+ BclKxL,+ an+ an6Kapopto6c+ protein,+ to+

counteract+its+ac6vity.+In+addi6on,+p53+induces+the+expression+of+PTEN,+a+tumor+suppressor,+which+

will+ enable+ the+ inhibi6on+of+ the+PI3K+ /+Akt+ pathway+ involved+ in+ cispla6n+ resistance+mechanisms+

increasing+ cell+ survival+ (Basu* and* al.,* 2010).+ However,+ the+ cytotoxic+ ac6vity+ of+ cispla6n+ is+ not+
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exclusively+dependent+on+p53.+Indeed,+a+breast+cancer+cell+ line+highly+sensi6ve+to+cispla6n+shows+

an+inac6va6on+of+p53+expression+due+to+its+sequestra6on+by+HPVKE6+virus+(Brabec*and*al.,*2005).+

p73+ represents+ the+ second+ pathway+ involved+ in+ the+ cytotoxicity+ of+ cispla6n+ leading+ in+ cell+

apoptosis.+Indeed,+p73+is+induced+in+response+to+cispla6n+in+many+cancer+cell+lines+and+associated+

with+the+ac6vity+of+cKAbl+and+MMR+(Gong*and*al.,*1999).+The+MMR+sensor+ac6vity+will+allow+the+

ac6va6on+of+ the+ cKAbl+protein,+ a+nonKreceptor+ tyrosine+ kinase,+which+ is+ an+upstream+effector+of+

several+ signaling+ pathways,+ as+ the+ Janus+ kinase+ (JNK),+ ERK+ /+ MAPK,+ p38+ MAPK+ pathway.+ The+

phosphoryla6on+ and+ stabiliza6on+ of+ p73+ play+ an+ important+ role+ for+ apoptosis+ in+ response+ to+

cispla6ne+(Siddik*and*al.,*2003).+

Oxida;ve)stress)and)cispla;n)

Under+normal+condi6ons,+the+cell+controls+the+forma6on+of+reac6ve+oxygen+species+(ROS)+with+a+

balance+of+ROS+genera6on+/+elimina6on+ through+various+enzymes+such+as+glutathione+ reductase+

(GR),+ glutathioneKSKtransferase+ (GST),+ superoxide+ dismutase+ (SOD)+ and+ catalase+ (CAT)+ (Jungwirth*

and* al.,* 2011).+ ROS+ have+ a+ role+ in+ cell+ signaling,+ including+ apoptosis,+ gene+ expression,+ and+ the+

ac6va6on+ of+ cell+ signaling+ cascades.+ Cispla6n,+ besides+ causing+ damage+ to+ DNA,+ also+ induces+

increased+ intracellular+ROS+accumula6on.+ In+addi6on,+oxida6ve+stress+due+ to+cispla6n+ is+ strongly+

linked+ to+ its+ nephrotoxic+ ac6vity* (Saad* and* al.,* 2004).+ In+ fact,+ cispla6n+ directly+ targets+ the+

mitochondrion.+ Several+ studies+have+ shown+ that+ cispla6n+had+a+higher+affinity+ for+mitochondrial+

DNA+than+nuclear+DNA.+In+addi6on,+adducts+removal+efficiency+in+the+mitochondria+is+lower+than+in+

the+nucleus+(Kohno*and*al,*2015.*Chen*and*Lesnefsky,*2011).+Moreover,+Cullen+and+al.+describe+the+

ability+of+cispla6n+to+bind+to+one+of+the+mitochondrial+permeability+transi6on+(MPT)+components,+

the+voltage+dependent+anion+chanel+(VDAC),+thus+causing+its+opening#(Cullen*and*al*.*2007).+These+

two+mechanisms+resulted+in+increased+ROS+produc6on+and+a+decreased+the+an6oxidant+defenses,++

characterized+by+the+loss+of+the+mitochondrial+proteins+sul~ydryl+groups.+Moreover,+ inhibi6on+of+

the+ mitochondrial+ respira6on+ will+ induce+ a+ calcium+ efflux,+ a+ decrease+ in+ its+ mitochondrial+

membrane+poten6al,+ the+ release+of+ cytochrome+ c+ and+ thus+ cell+ apoptosis* (Florea*and*al.,* 2011;*

Marullo*and*al.,*2013;*Chirino*and*al.,*2009).**

1.3. Side*effect*

One+of+the+major+limita6ons+in+the+use+of+cispla6n+is+the+significant+development+of+side+effects.+In+

fact,+ cytotoxicity+ and+ cispla6nKdependent+ apoptosis+ do+ not+ target+ only+ the+ tumor+ cells+ but+ also+

normal+ cells.+ Among+ the+ most+ onen+ listed+ side+ effects+ for+ cispla6n,+ there+ is+ in+ majority+ a+

nephrotoxic,+neurotoxic,+cardiotoxic+and+hepatotoxic+ac6vity+(Florea*and*al.,*2011).+
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Nephrotoxicity)

This+is+one+of+the+most+severe+side+effects+reported+for+cispla6n.+Cispla6n+par6cularly+accumulates+

in+ the+ kidney+ especially+ at+ the+ proximal+ tubular+ epithelial,+ being+ its+ main+ secretory+ pathway*

(Köberle* and* al.,* 2010;*Hartmann* and* al.,* 2003).+ Toxicity+ in+ the+ kidney+ could+ be+ explained+ by+ a+

decreased+ produc6on+ of+ the+ LKcarni6ne,+ an+ enzyme+ implicated+ in+ the+ genera6on+ of+ metabolic+

energy+and+with+an+an6oxidant+role*(Chang*B.*and*al.,*2002;*AlUMajed,*2007).+Nephrotoxicity+may+

be+managed+by+a+hyperhydra6on+of+pa6ents+with+osmo6c+diure6c+to+increase+body+elimina6on+of+

the+drug.+

Neurotoxicity)

It+ affects+ 50%+ of+ pa6ents+ with+ peripheral+ injury+ at+ the+ dorsal+ root+ ganglia.+ This+ results+ in+ the+

development+ of+ sensory+ neuropathy+ such+ as+ loss+ of+ sensa6on+ in+ the+ extremi6es+ for+ example.+

Neurotoxicity+appears+to+be+dose+and+6me+dependent,+but+the+mechanisms+involved+are+currently+

not+elucidated*(Argyrriou,*2008,*McWhinney*and*al.,*2009).+

Hepatotoxicity)

Hepatotoxicity+is+the+consequence,+as+nephrotoxicity,+of+oxida6ve+stress+caused+by+cispla6n.+In+fact,+

ROS+ cause+ a+ decrease+ in+ the+ an6oxidant+ defenses+ such+ as+ the+ glutathione+ enzyme+ (GSH)+ and+

induce+the+increase+of+cytochrome+P450+2E1,+which+leads+to+the+toxicity+of+cispla6n+in+liver+(Liao*

and*al.,*2008).+

Cardiotoxicity)

Pa6ents+present+electrocardiac+changes,+arrhythmias,+myocardi6s,+cardiomyopathy+and+conges6ve+

heart+ failure.+ Cardiotoxicity+ could+ be+ a+ consequence+ of+ the+ oxida6ve+ stress+ and+ apoptosis+

increased.+ In+ fact,+ the+ lipid+ peroxida6on+ of+ cardiac+ membranes+ following+ treatment+ causes+ the+

degenera6on+and+necrosis+of+the+cardiac+muscle+fibers+cells+(ElUAwady*and*al.,*2011).+

1.4. Resistance*mechanisms*

Besides+the+side+effects,+which+ in+some+cases+require+ interrup6on+of+ treatment,+many+resistance+

mechanisms+have+been+described+and+are+therefore+another+limit+in+the+use+of+cispla6n.+There+are+

two+ types+ of+ resistance,+ intrinsic+ or+ innate+ resistance+ and+ those+ acquired+ during+ the+ treatment.+

Acquired+resistance+mechanisms+may+be+due,+to+a+decreased+drug+accumula6on+/+increased+drug+

efflux,+ modifica6on+ of+ the+ intracellular+ drug+ distribu6on,+ an+ increased+ in+ the+ detoxifica6on+

response+ (metallothionein,+ glutathione),+ an+ increased+ in+ DNAKdamage+ repair+ (NER+ pathway),+ a+
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reduced+ apopto6c+ response,+ and+ to+ gene6c+ and+ epigene6c+ modifica6ons+ (miRNAs,+ HDAC…)+

(Boulikas*and*al.,*2007(b);*Dasari*and*al.,*2014,Siddik,*2003,Shen*and*al.,*2012).++

1.4.1. Transporters+and+reduced+pla6num+accumula6on+

This+ is+ the+most+described+mechanism+of+resistance+to+cispla6n.+The+decrease+ in+cispla6n+uptake+

and+ accumula6on+ in+ the+ cells+ will+ result+ in+ the+ decrease+ in+ the+ adducts+ forma6on+ and+ thus+ in+

cispla6n+cytotoxicity.+

Copper)Transporter)1)(CTR1))in)Cispla;n)uptake)

As+described+by+Howell+ et+ al.,+ CTR1+ is+ involved+ in+ the+ copper+ and+ cispla6n+ transport+ in+ the+ cell.+

Gene6c+knockKout+of+CTR1+ is+correlated+with+a+decrease+ in+cispla6n+accumula6on+ in+the+cell+and+

thus+ in+ resistance+ to+ the+ treatment.+ Conversely,+ overexpression+ enables+ high+ accumula6on+ of+

cispla6n+and+therefore+sensi6vity+to+treatment*(Howell*and*al.,*2010).+

ATP7A/B)in)Cispla;n)efflux)

They+ are+ analogues+ to+ the+ family+ of+mul6drug+ resistanceKassociated+ transporter+ (MDR)+ that+ are+

involved+ in+ the+ detoxifica6on+ of+ many+ chemotherapeu6c+ compounds+ (Rabik* and* al.,* 2009).+ As+

CTR1,+ ATP7A+ and+ ATP7B,+ two+ copperKTranspor6ng+ PKtype+ ATPaseKgenes,+ are+ involved+ in+ the+

regula6on+of+copper+ levels+ in+ the+cell+ (Safaei*and*al.,*2008).+ATP7B+overexpression+ in+cancer+cell+

lines+resistant+to+cispla6n+is+correlated+to+both+a+9Kfold+increase+in+cispla6n+resistance+and+2+fold+to+

copper.+An+increase+in+their+expression+in+cancers+such+as+ovarian+cancer+make+them+good+clinical+

marker+of+chemosensi6vity+to+cispla6n*(Safaei*and*al.,*2005).+

Transmembrane)protein)205)(TMEM205))

It+is+a+puta6ve+membrane+transport+involved+in+the+decrease+in+cispla6n+accumula6on+in+the+cell.+

An+ increase+ in+ its+expression+was+shown+ in+a+cispla6n+resistant+cell+ line+CPKr+by+Shen+ in+2010.+ In+

addi6on+ an+ analysis+ of+ its+ expression+ paqern+ in+ normal+ human+ 6ssues+ indicates+ a+ high+ level+ of+

expression+in+the+liver,+pancreas+and+adrenal+glands.+Also,+TMEM205+could+be+used+as+a+biomarker+

in+the+response+to+chemotherapy*(Shen*and*al.,*2010).+

1.4.2. Cispla6n+inac6va6on+by+thiol+containing+molecules+

The+low+concentra6on+of+chloride+in+the+cell+will+allow+cispla6n+aqua6on+ac6va6on.+Cispla6n+may+

be+ inac6vated+by+glutathione+(GSH),+ involved+in+the+mechanisms+of+detoxifica6on+and+protec6on+

against+ROS+(Boulikas*and*al.,*2007(b)).+This+resistance+mechanism+is+common+in+cases+of+chronic+

�39



exposure+ to+cispla6n,+which+ leads+ to+an+ increase+of+GSH,+which+could+be+ induced+by+BclK2+ (an6K

apopto6c+protein).+Cispla6n+has+the+ability+to+react+with+molecules+containing+sulfide+group,+found+

in+ GSH.+ Overexpression+ of+ GSH+will+ lead+ to+ the+ increase+ of+ cispla6n+ /+ GSH+ conjugate+ forma6on+

which+will+prevent+the+interac6on+of+cispla6n+with+the+DNA+(Lai*and*al.,*1989).+

1.4.3. Epigene6c+changes+and+Cispla6n+resistance+

Several+ epigene6c+ pathways+ are+ involved+ in+ cispla6n+ chemosensi6vity+ of+ the+ tumor.+ Thus+

epigene6c+profile+of+many+ cell+ lines+ resistant+ to+ cispla6n+allowed+ the+ iden6fica6on+of+molecular+

modulators+of+these+mechanisms+(Shen*and*al.,*2012).+

Changes+ in+ chroma6n+ structure+ can+ be+ correlated+ with+ the+ development+ of+ resistance+ to+

treatment.+ Piwil2+ is+ involved+ in+ resistance+ to+ cispla6n.+ It+ is+ a+member+ of+ the+ PIWI+ /+ Argonaute+

family+important+in+its+involvement+in+the+regula6on+of+chroma6n+modifica6ons,+in+RNA+silencing+

and+ in+ the+ transcrip6on+ of+ many+ genes.+ In+ fact,+ its+ increased+ expression,+ described+ in+ many+

cancers,+ results+ in+ chroma6n+condensa6on+ thus+affec6ng+ the+normal+DNA+ repair+ (Wang*and*al.,*

2011).++

However,+ the+ aberrant+ promoter+ hypermethyla6on+ is+ a+ hallmark+ of+ a+mul6drug+ resistance.+ The+

analysis+of+epigene6c+profile+of+cispla6n+resistant+cell+ lines+has+shown+hypermethyla6on+of+many+

genes+involved+in+the+cytotoxic+response+to+an6cancer+compounds+such+as+p53+and+p73+(Wermann*

and*al,*2010).++

In+ addi6on,+ modifica6on+ of+ histones+ plays+ an+ important+ role+ in+ maintaining+ the+ structure+ and+

func6on+of+the+chroma6n.+Histone+acetyla6on+impacts+posi6vely+the+transcrip6on+and+DNA+repair.+

Overexpression+of+some+histone+deacetylase+(HDAC),+involved+in+chroma6n+condensa6on+and+thus+

the+ inhibi6on+ of+ transcrip6on,+ has+ been+ demonstrated+ in+ many+ cancers.+ The+ treatment+ of+ a+

resistant+ovarian+cell+line+to+cispla6n,+the+A2780+/+CP70,+with+a+methyla6on+inhibitor+(DAC)+and+a+

histone+deacetylase+inhibitor+show+an+increased+expression+of+MLH1+(MMR)+and+thus+an+increased+

sensi6vity+to+cispla6n*(Steele*and*al.,*2009).+

Finally,+microRNAs+(see#part#III.3)+play+a+crucial+role+in+many+biological+processes+such+as+in+stress+

response,+ in+apoptosis,+and+in+prolifera6on,+etc.+ In+view+of+their+func6on,+ it+ is+not+surprising+that+

they+have+been+described+to+have+an+impact+in+the+sensi6vity+or+resistance+to+cispla6n*(Busha-*and*

al.,* 2007;* Leung* and* al.,* 2010).+ Briefly+ some+ examples:+ overexpression+ of+miRK214+ leads+ to+ the+
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inhibi6on+ of+ its+ target+ gene+ PTEN,+ which+ promotes+ the+ survival+ of+ cells.+ Indeed,+ PTEN+ was+

previously+ described+ for+ its+ involvement+ in+ the+ p53Kdependent+ cispla6n+ response+ (Yang* and* al,*

2008).+ Conversely,+ Sun+ and+ al.+ have+ shown+ that+ loss+ of+ expression+ of+ miRK200b+ and+ miRK15b+

reflects+ the+ establishment+ of+ the+ epithelialKmesenchymal+ transi6on+ (EMT)+ and+ therefore+ the+

acquisi6on+of+a+tumor+resistance+to+the+treatment+and+an+invasive+phenotype*(Sun*and*al.,*2012).+

1.4.4. Gastric+cancer+and+Cispla6n+resistance+

In+GC,+these+mechanisms+are+not+really+understood,+which+reinforces+the+need+to+ iden6fy+robust+

molecular+markers.+ Some+of+ them+are+described+and+are+mostly+ implicated+ in+ac6va6on+of+DNA+

repair.+ For+ example,+ overexpression+ or+ amplifica6on+ of+ HER2+ is+ implicated+ in+ the+ cispla6n+

resistance+ in+ GC+ cells,+ leading+ to+ the+ ini6a6on+ of+ the+ epithelialKmesenchymal+ transi6on+ and+

correlated+with+ an+ unfavorable+ outcome+ for+ pa6ents+ (Huang* and* al.,* 2013).+Moreover,+ pa6ents+

treated+with+cispla6n+can+exhibit+an+overexpression+of+ERCC1+and+BRCA1,+two+enzymes+implicated+

in+ the+ NER+ pathway,+ which+ are+ correlated+ with+ a+ worse+ prognosis.+ In+ the+ other+ hand,+

overexpression+ of+ the+ same+ enzyme,+ BRCA1,+ enhance+ sensi6vity+ of+ the+ cells+ treated+ with+

docetaxel,+which+reinforces+the+complexity+of+the+system+(Pietrantonio*et*al.,*2013).++

The+iden6fica6on+of+these+markers+will+allow+us+firstly+to+classify+the+GC+and+adapt+the+treatment,+

and+ secondly,+ to+develop+ targeted+ therapies,+ like+ for+example+ the+used+of+ trastuzumab+ for+HER2+

overexpression,+for+pa6ent+with+advanced+GC+with+metastasis.+This+iden6fica6on+and+progression+

in+treatment+means+beqer+knowledge+of+the+mechanisms+of+ac6on+of+therapies+and+tumor+biology+

possibly+leading+to+increased+aggression.+Despite+genuine+efforts+to+improve+and+beqer+define+the+

pla6numKbased+treatments,+there+are+s6ll+limita6ons+to+their+usage.+Indeed,+they+are+only+effec6ve+

for+ a+ limited+ number+ of+ cancers,+ they+ cause+ severe+ side+ effects+ that+ require+ in+ some+ cases+ a+

treatment+ arrest,+ but+ especially+more+ than+ 50%+of+ tumors+ exhibit+ innate+ or+ acquired+ resistance+

mechanisms.+ In+ recent+ years,+ with+ a+ goal+ to+ counteract+ the+ adverse+ effects+ of+ the+ pla6num+

compounds,+different+teams+focused+on+the+development+of+other+organometallic+compounds.+

My+PhD+work+ contributed+directly+ to+ the+ongoing+ research+and+development+of+ such+an6cancer+

compounds+containing+ruthenium.+
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2.Ruthenium)compounds)

2.1. Interest*on*ruthenium*compounds*

In+ order+ to+ counteract+ the+ limita6ons+ observed+ with+ pla6num+ deriva6ves,+ there+ has+ been+ a+

growing+interest+for+ruthenium+compounds+in+recent+years.+Indeed,+similar+to+cispla6n,+ruthenium+

compounds+exhibit+cytotoxicity+against+cancer+cells*in*vitro+and+in*vivo,+including+cell+lines+resistant+

to+cispla6n+(Bergamo*and*al.,*2012).+An+analogous+ligand+exchange+abili6es+to+complex+pla6num+is+

observed.+On+the+other+hand,+in+view+of+the+different+mechanisms+of+ac6on+from+those+of+pla6num+

deriva6ves,+ there+ is+ no+ crossKresistance+ observed+ with+ cispla6n+ and+ they+ also+ show+ a+ greater+

spectrum+of+ac6vity.+Finally,+ they+ induce+a+ lower+toxicity+ in+healthy+6ssues+due+to+their+ability+to+

use+ the+physiological+ pathway+of+ iron+ transport+ in+ the+body+ via+ transferrin+ (Antonarakis* and*al.,*

2010;*Meggers,*2007;*Bergamo*and*al.,*2011;*Galanski*and*al.,*2003).+In+the+70s,+Clarke+et+al.+were+

the+first+to+describe+the+ability+of+the+ruthenium+compound+pentaammine+(purine)+ruthenium+(III)+

to+inhibit+the+DNA+and+protein+synthesis+in+nasopharyngeal+cancer+(Kelman,*Clarke*and*al.,*1977).+

Based+on+these+results,+a+real+aqen6on+was+paid+to+these+new+organometallic+compounds.+Among+

those+synthesized,+only+two+have+been+tested+in+clinical+trials,+the+KP1019+(phase+I),+and+NAMIKA+

(phase+II).++

Ruthenium+ compounds+ have+ chemical+ proper6es+ making+ them+ good+ candidates+ for+ the+

development+of+new+an6Kcancer+drugs.+According+to+Bergamo+et+al.,+they+have*(Bergamo*and*al.,*

2012):+

K The+possibility+to+occupy+a+high+number+of+spa6al+posi6ons+with+up+30+stereo+isomers+due+

to+their+expanded+set+of+octahedral+coordina6on+geometry.+

K A+high+number+of+poten6al+accessory+molecules+that+can+be+carried+by+the+drug+structure.+

K An+oxida6on+/+reduc6on+state+that+allows+them+to+exist+in+the+biological+fluids+in+almost+all+

the+most+important+oxida6on+states+from+II+to+IV.+

2.2. Ruthenium*based*molecules*

The+first+compound+described+to+have+an+an6Kcancer+ac6vity+ is+the+ruthenium+red+which+has+the+

ability+ to+ inhibit+ calcium+uptake+ into+mitochondria+ thereby+ inducing+apoptosis.+Since+ then,+many+

compounds+based+on+Ruthenium+(III)+and+(II)+oxida6on+states+were+synthesized+and+tested+for+their+

cytotoxic+effects+ in*vitro+and+ in*vivo.+ In+this+part,+ I+will+describe+the+best+characterized+ones+un6l+

now.+
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2.2.1. The+Ru(III)+compounds+

Among+ the+ developed+ compounds+ of+ ruthenium+ (III),+ only+ the+ NAMIKA+ and+ KP1019+ have+ been+

tested+in+clinical+trial+for+their+an6Kcancer+poten6al.+

a. NAMIcA)
NAMIKA,+ Imidazolium+ transKimidazoledimethylsulfoxidetetrachlororuthenate+ was+ developed+ by+

Mestroni,+ Alessio+ and+ coKworkers.+ This+ complex+ consists+ of+ a+ DMSO+ and+ imidazole+ molecules+

coordinated+ to+ the+ ruthenium+ (III).+ NAMIKA+ does+ not+ exhibit+

direct+cytotoxic+effect+on+tumor+cells+but+it+was+described+for+its+

ability+to+inhibit+the+development+of+lung+metastases+and+their+

growth+ once+ established+ and+ those+ in+ various+ types+ of+ solid+

tumors,+including+xenograns+of+human+tumors.+Associated+with+

surgery+ of+ the+ primary+ tumor,+ a+ significant+ improvement+ in+

mouse+ lifespan+ in+ the+ Mca+ mammary+ carcinoma+ model+ is+

observed+ (Gava* and* al.,* 2006;* Alessio* and* al.,* 2004;*

Antonarakis* and* al.,* 2010).+ This+ effect+ is+ independent+ of+ the+

stage+and+preKtreatment+of+the+tumor.+It+is+the+first+deriva6ve+of+

ruthenium+to+have+been+tested+in+clinical+trials+in+1999+and+reported+in+2004+for+its+an6Kmetasta6c+

proper6es+ (RademakerULakkai* and* al.,* 2004).+ Among+ the+ 24+ pa6ents+ included+ in+ the+ study+with+

refractory+solid+tumors+to+standard+chemotherapies,+all+showed+good+tolerability+of+the+drug+and+

20+ aqenuated+ metasta6c+ development.+ In+ addi6on,+ in* vitro+ NAMIKA+ has+ been+ shown+ to+ act+

synergis6cally+with+other+standard+chemotherapies+such+as+cispla6n.+Thus+a+clinical+trial+to+test+the+

combina6on+ of+ NAMIKA+ with+ Gemcitabine+ for+ the+ treatment+ of+ non+ small+ cell+ lung+ carcinoma+

(NSCLC)+was+performed+(Bergamo*and*al.,*2012).+

NAMIcA)an;cmetasta;c)ac;vity)

NAMIKA+has+the+ability+to+inhibit+the+metasta6c+tumor+growth+by+modula6ng+the+different+steps+in+

the+ process:+ detachment,+ invasion+ /+migra6on,+ reKaqachment+ on+ a+ distant+ organ.+ Indeed+ it+ has+

been+shown+in+the+murine+model+of+mammary+carcinoma+Mca+that+when+tumors+pretreated+with+

NAMIKA+were+reimplantated,+mice+did+not+exhibit+ lung+metastases+forma6on.+These+experiments+

demonstrate+ the+ ability+ of+ this+ compound+ to+ purge+ the+ heterogeneous+ popula6on+ of+ primary+

tumor+cells+for+the+elimina6on+of+those+with+metastasis+ability+(Gava*and*al.,*2006;*Alessio*and*al.,*

2004;*Antonarakis*and*al.,*2010).+NAMIKA+induces+the+cytoskeleton+rearrangement+by+ interfering+

with+ the+ polymeriza6on+ /+ depolymeriza6on+ process+ of+ the+ FKac6n+ and+ by+ modula6ng+ the+

regula6on+of+TGFB1+in+fibroblasts+and+tumor+cells.+These+two+ac6ons+will+help+to+cause+a+fibro6c+
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for cancer chemotherapy, based on the knowledge derived from
DNA technology and the consequent genomic and proteomic
approaches to the understanding of cancer cell behaviour.6

Taking advantage of this new knowledge and coming back to
metal-based drugs, it is clear that the search for a metal-based
compound (including organometallics) for tumour inhibition will
not have cisplatin as the reference standard. Nevertheless, 50 years
of investigations into the chemistry, biochemistry and chemother-
apeutic potential of metal-based complexes has endowed us with
an enormous amount of knowledge and expertise.7

Metastasis as the primary target

Metastases rather than primary tumours are the leading cause
for cancer death with almost all solid human tumours, and yet
metastases are almost never the target of chemotherapy. Thus,
when we are approaching the idea of a new chemical entity for
cancer therapy, we should direct this towards the selective targeting
of tumour metastases rather than generic cytotoxicity towards
tumour cells.

Metastasis, the process by which cancer cells spread to distant
sites and form secondary tumours, depends upon the ability of
cells to escape the primary tumour, and colonize and proliferate
in a novel microenvironment.8 Many mechanisms have been
proposed to explain this phenomenon, although no theory has
comprehensively explained all biological observations. It is now
widely accepted that cancer is attributed to the accumulation of
genetic alterations in cells.9 Molecular analyses of cancer cells
in various stages of progression have revealed that alterations
in tumour suppressor genes and oncogenes accumulate during
tumour progression and correlate with the clinical aggressiveness
of cancer.10 Comparative analyses of gene expression profiles
between metastatic and non-metastatic cells have revealed that
various genes are differentially expressed in association with the
metastatic potential of cancer cells.11 Understanding the progres-
sion of tumours to the metastatic state and the changes that take
place in highly malignant cells are important in the development
of new therapeutic approaches to diagnose, prognostically assess,
and treat highly progressive malignancies. Thus, alterations in the
expression of certain genes or in their products can render benign
tumour cells metastatic.

Metastases offer a variety of new potential therapeutic targets.
It is here where basic research on chemical structures and
mechanisms of fine regulation of intracellular processes involving
progression, survival and invasion could make significant contri-
butions to therapy planning in the future.

Ruthenium complexes and tumour growth control

Among anticancer metal-based drugs, ruthenium complexes seem
to offer some new perspectives. Preclinical studies with inda-
zolium bis-indazoletetrachororuthenate (KP1019) (Fig. 1, top left)
showed promising activity against colorectal tumours and the first
phase I study seems to support this.12 RM175 [(g6-C6H5C6H5)-
Ru(en)Cl]+ as a PF6 salt, where en = ethylenediamine, (Fig. 1, top
right) is a ruthenium(II) organometallic complex with in vitro cyto-
toxicity at least comparable to, if not better than, that of cisplatin.13

Eric Meggers at the University of Pennsylvania has been reporting
on the relevance of indolocarbazole ruthenium structures for ob-

Fig. 1 Chemical structure of KP1019 (top left), of RM175 (top right),
of indolo carbazole ruthenium compounds (down left) and of NAMI-A
(down right).

taining staurosporine mimetics14 (Fig. 1, down left) with incredibly
low IC50 values (nanomolar or even lower) for glycogen synthase
kinase (GSK). Imidazolium trans-imidazoledimethylsulfoxide–
tetrachororuthenate NAMI-A (Fig. 1, down right) is active against
solid tumour metastases either in experimental mouse tumours or
against human xenografts.15

RM175 belongs to a family of compounds synthesized with the
principal aim of obtaining strong DNA interactions due to the
bifunctional effects of these compounds via intercalation and con-
ventional N-bonding. The character and extent of DNA distortion
induced by the resulting DNA adducts leads to thermodynamic
destabilization of DNA and their consequent biological effects.16

This is in line with the strategy for platinum drugs: the target is
DNA and the strong bonding to DNA might be less susceptible
to repair mechanisms, thus leading to compounds that remain
potentially active whereas cisplatin finds resistance.

Conversely, compounds such as KP1019 seem to fulfil the two
interesting properties attributed to some ruthenium complexes:
activation by reduction and selective transportation via the trans-
ferrin system, two mechanisms that might explain its antitumour
properties in vitro and in vivo.17

The role of ruthenium in the Meggers’ compounds is that of
structuring the scaffold in order to maintain the organic moiety
with the correct orientation to fit with the active site of GSK-
3 leading to its inactivation.18 These compounds may lead to a
new mechanism of cancer control, particularly towards cancers in
which GSK is relevant for tumour growth.19

The selectivity of reduction of tumour metastases by NAMI-A
and by the other ruthenium analogues having the same frame as
NAMI-A, is the unexpected result of studies performed with a
family of compounds programmed for delivery to tumour cells
via transferrin receptors and their selective activation to cytotoxic
species within the reductive environment of solid tumours.20 In
vitro cytotoxicity of these compounds does not appear to be
relevant for their effects on metastases;21 both these effects are
weaker than those of cisplatin and their action on the primary

1268 | Dalton Trans., 2007, 1267–1272 This journal is © The Royal Society of Chemistry 2007
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reac6on+ leading+ to+ stronger+ adhesion+ of+ the+ tumor+ capsule.+ Its+ ability+ to+ interact+with+ integrins+

especially+integrin+B1+reduces+cell+migra6on.+Indeed,+integrin+have+an+important+role+in+the+control+

of+cell+mo6lity+by+regula6ng+the+cytoskeletal+structure.+The+ac6vity+of+metalloproteinase+ (MMP),+

regulator+of+extracellular+matrix+(ECM),+depends+on+an+intact+cytoskeleton.+In+this+context,+there+is+

a+decrease+in+their+ac6vity+especially+for+MMP2+and+MMP9+in+the+presence+of+NAMIKA,+leading+to+

an+ increase+ of+ the+ ECM+ around+ the+ vascularisa6on+ of+ the+ tumor+ and+ a+ decrease+ in+ tumor+ cell+

invasion+(Vacca*and*al.,*2002;*Sava*and*al.,*2003).+NeoKangiogenesis+is+a+crucial+mechanism+in+the+

development+ of+ metastasis+ allowing+ them+ to+ reach+ distant+ organs.+ NAMIKA+ has+ the+ ability+ to+

completely+ inhibit+ this+ process+ set+ up+ by+ the+ vascular+ endothelial+ growth+ factor+ (VEGF)+ by+ its+

capacity+ to+ interact+with+ the+ integrins.+Their+ac6va6on+will+ allow+ the+modula6on+of+PKC+ac6vity,+

the+ dephosphoryla6on+ of+ ERK+ and+ the+ inhibi6on+ of+ the+ transcrip6on+ of+ cKmyc+ leading+ to+ the+

endothelial+ cells+ death* (Bergamo* and* al.,* 2007).+ NAMIKA+ is+ able+ to+ inhibit+ the+ development+ of+

metastases,+ but+ also+ the+ growth+ of+ those+ already+ established.) Indeed+ in+ the+ animal+model+Mca+

mammary+ carcinoma,+decreased+of+ the+metastasis+number+of+metastases+and+ their+prolifera6on+

was+ observed.+ This+ effect+ is+ explained+ by+ a+ cell+ cycle+ arrest+ in+ G2+ /+M+ phase+ leading+ to+ a+ less+

invasive+phenotype+for+the+cells.+

b. KP1019)

KP1019+ or+ Imidazolium+ transK((tetrachloride)bis(1HKindazole)+

ruthenate(III))+was+developed+by+the+group+of+BK+Keppler+(Har-nger*and*

al.,* 2006).+ It+ consists+ of+ four+ equatorial+ chloride+ and+ two+ indazole+

heterocycles+ coordinated+ to+ the+metal+ through+a+nitrogen+atom.+This+ is+

the+second+ruthenium+compound+to+reach+clinical+trial+(2000)+in+view+of+

its+ direct+ cytotoxic+ ac6vity+ in* vitro+ against+ a+ cispla6n+ resistant+ colon+

cancer+cell+ line.+KP1019+ is+generally+described+as+a+prodrug+ac6ve+once+

into+the+cell+because+of+the+«+reduc6on+by+oxida6on+»+reac6on+(Pizarro*

and*al.,*2009).+

KP1019)cytotoxic)ac;vity)

KP1019+has+the+ability+ to+ interact+with+serum+proteins+such+as+transferrin+and+thus+to+mimic+the+

physiological+pathway+of+the+iron+transport+(Messori*and*al.,*1996).+Indeed+the+transferrin+proteins+

are+crucial+for+the+prolifera6ve+tumor+that+requires+more+iron+than+other+6ssues+and+thus+increases+

the+expression+of+transferrin+receptor+(CD71).+This+allows+the+KP1019+ac6ve+transport+into+the+cell+
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chromatography; IC50 , 50% inhibitory concentration; ICP, inductively coupled plasma; KP1019,
indazolium trans-[tetrachlorobis(1H-indazole)ruthenate(III)]; KP1339, sodium trans-[tetrachlorob-
is(1H-indazole)ruthenate(III)]; KP418, imidazolium trans-[tetrachlorobis(1H-imidazole)ruthena-
te(III)]; LRP, lung resistance protein; MDR, multidrug resistance; MRP1, multidrug resistance-related
protein 1; MS, mass spectrometry; MTD, maximum tolerated dose; MTT, 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl-2H-tetrazolium bromide; NAC, N-acetylcysteine; NAMI-A, imidazolium trans-[tetrachloro-
(dimethylsulfoxide)(1H-imidazole)ruthenate(III)]; NHE, normal hydrogen electrode; P-gp, P-glyco-
protein; SEC, size exclusion chromatography; PARP, poly(ADP-ribose)-polymerase; RAPTA-C,
[dichloro(h6-p-cymene)(1,3,5-triaza-7-phosphaadamantane)ruthenium(II)]; rHSA, recombinant human
serum albumin; Tf, transferrin; VSS, apparent volume of distribution.

1. Introduction. – Platinum complexes have been applied successfully in tumor
therapy for more than 25 years. Today, the three Pt-based compounds, cisplatin,
carboplatin, and oxaliplatin, are the only metal-based antineoplastic chemotherapeu-
tics, which are approved for worldwide clinical practice [1]. Chemotherapy with Pt
complexes is frequently accompanied by severe side effects, and their activity is limited
in many widespread tumors due to acquired or intrinsic resistance. Therefore, there is
an ongoing quest for metal compounds extending the spectrum of activity of
metallodrugs, and the first non-platinum complexes are currently being evaluated in
clinical trials [2– 6].

Among these, ruthenium complexes are believed to be the most promising
alternatives to Pt complexes [7] [8]. Two representatives of this class of compounds
have entered clinical trials so far: imidazolium trans-[tetrachloro(dimethylsulfoxi-
de)(1H-imidazole)ruthenate(III)] (NAMI-A; see Fig. 1 for structure) [9] and
indazolium trans-[tetrachlorobis(1H-indazole)ruthenate(III)] (KP1019) [10 –12]. In
preclinical experiments, NAMI-A showed marked efficacy against the formation of
metastases [9] [13], whereas KP1019 exhibited activity against a wide range of
preclinical tumor models including colorectal carcinomas and a variety of primary
explanted human tumors [10 – 12].

Fig. 1. The structures of KP1019, NAMI-A, KP1339, and KP418
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but+ also+ a+ specific+ recogni6on+ of+ tumor+ cells+ rather+ than+ healthy+ 6ssue+ (Spreckelmeyer* and* al.,*

2014).+ KP1019+ becomes+ ac6ve+ once+ inside+ the+ cell+ by+ the+ reduc6on+ of+ the+ ruthenium+ (III)+ to+

ruthenium+(II)+oxida6on+state+according+to+the+hypothesis+of+the+«reduc6on+by+oxida6on».+Indeed,+

tumor+ cells+ are+ characterized+by+ a+ low+oxygen+ concentra6on+and+ low+pH,+ a+ consequence+of+ the+

hypoxic+ status+ of+ the+ tumor.+ This+ allows+ the+ change+ in+ redox+ poten6al+ of+ the+ metal+ and+ the+

ac6va6on+of+the+drug.+ Its+direct+cytotoxic+ac6vity+ is+mediated+through+its+ability+to+interfere+with+

the+ electron+ transporta6on+ chain,+ which+ causes+ the+ depolymeriza6on+ of+ the+ mitochondrial+

membranes.+Apoptosis+is+then+induced+by+a+decrease+in+the+expression+of+the+an6Kapopto6c+factor+

BclK2+ and+ the+ induc6on+ of+ Caspase+ 3* (Clarke,* 2002).+ KP1019+ is+ able+ to+ interact+ with+ DNA+

equivalently+ to+ cispla6n+ but+ with+ a+ lower+ efficiency+ (15+ 6mes+ less).+ This+ causes+ double+ strands+

break+in+DNA+but+they+are+not+sufficient+to+induce+cell+death+directly+(Bergamo*and*al.,*2012).++

In+2005,+Kepler+and+Heffeter+described+a+mechanism+of+ resistance+ for+KP1019+ involving+ the+ABC+

transporters.+ Resistance+ to+ treatment+ is+ observed+ in+ numerous+ cell+ lines+ which+ overexpressed+

some+receptors+like+the+PKglycoprotein,+which+causes+a+reduc6on+of+the+compound+accumula6on+in+

the+cell+and+thus+halved+its+ac6vity+(Heffeter*and*al.,*2005;*Trondl*and*al.,*2014).+

2.2.2. The+Ru(II)Karene+ligand+compounds+

Studies+ into+ the+mode+ of+ ac6on+ of+ KP1019+ has+ highlighted+ the+ concept+ of+ proKdrugs+ and+more+

precisely+ its+ac6vated+form+Ru+(II).+This+has+ led+researchers+to+synthesize+new+compound+such+as+

the+ruthenium+(II)+arenaKtype+complexes,+which+shows+significant+an6Kprolifera6ve+effects+ in*vivo+

and+in*vitro+in+cispla6n+resistant+cell+lines.+The+arene+ligands+can+stabilize+the+structure+of+the+Ru+(II)+

and+ provides+ a+ hydrophobic+ surface+ to+ the+ complex,+ which+ facilitates+ its+ transport+ across+ the+

membrane+and+the+interac6on+with+various+biomolecules.+

a. RM175)
+

The+ RM175+ is+ a+ biphenyl+ ethylenediamine+ chlorido+ Ru+ (II)+

complex+ developed+ by+ Peter+ Sadler.+ The+ advantage+ of+ this+

compound+ is+ its+ bifunc6onal+ effect+ on+ DNA,+ allowing+ its+

interac6on+ with+ DNA+ by+ conven6onal+ NKbonding,+ and+ its+

intercala6on+between+the+bases+of+DNA+through+its+biphenyl+

ligand+(Chen*and*al.,*2002;*Chen*and*al.,*2003).+The+resul6ng+

DNA+ lesions+ are+ repaired+ by+ another+ mechanism+ than+ the+

NER+pathway+preven6ng+crossKresistance+with+the+pla6num+compounds.+This+compound+has+an+in+

vitro+cytotoxicity+similar+or+higher+than+the+carbopla6n+in+the+human+colon+and+ovarian+cancer+cell+
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for cancer chemotherapy, based on the knowledge derived from
DNA technology and the consequent genomic and proteomic
approaches to the understanding of cancer cell behaviour.6

Taking advantage of this new knowledge and coming back to
metal-based drugs, it is clear that the search for a metal-based
compound (including organometallics) for tumour inhibition will
not have cisplatin as the reference standard. Nevertheless, 50 years
of investigations into the chemistry, biochemistry and chemother-
apeutic potential of metal-based complexes has endowed us with
an enormous amount of knowledge and expertise.7

Metastasis as the primary target

Metastases rather than primary tumours are the leading cause
for cancer death with almost all solid human tumours, and yet
metastases are almost never the target of chemotherapy. Thus,
when we are approaching the idea of a new chemical entity for
cancer therapy, we should direct this towards the selective targeting
of tumour metastases rather than generic cytotoxicity towards
tumour cells.

Metastasis, the process by which cancer cells spread to distant
sites and form secondary tumours, depends upon the ability of
cells to escape the primary tumour, and colonize and proliferate
in a novel microenvironment.8 Many mechanisms have been
proposed to explain this phenomenon, although no theory has
comprehensively explained all biological observations. It is now
widely accepted that cancer is attributed to the accumulation of
genetic alterations in cells.9 Molecular analyses of cancer cells
in various stages of progression have revealed that alterations
in tumour suppressor genes and oncogenes accumulate during
tumour progression and correlate with the clinical aggressiveness
of cancer.10 Comparative analyses of gene expression profiles
between metastatic and non-metastatic cells have revealed that
various genes are differentially expressed in association with the
metastatic potential of cancer cells.11 Understanding the progres-
sion of tumours to the metastatic state and the changes that take
place in highly malignant cells are important in the development
of new therapeutic approaches to diagnose, prognostically assess,
and treat highly progressive malignancies. Thus, alterations in the
expression of certain genes or in their products can render benign
tumour cells metastatic.

Metastases offer a variety of new potential therapeutic targets.
It is here where basic research on chemical structures and
mechanisms of fine regulation of intracellular processes involving
progression, survival and invasion could make significant contri-
butions to therapy planning in the future.

Ruthenium complexes and tumour growth control

Among anticancer metal-based drugs, ruthenium complexes seem
to offer some new perspectives. Preclinical studies with inda-
zolium bis-indazoletetrachororuthenate (KP1019) (Fig. 1, top left)
showed promising activity against colorectal tumours and the first
phase I study seems to support this.12 RM175 [(g6-C6H5C6H5)-
Ru(en)Cl]+ as a PF6 salt, where en = ethylenediamine, (Fig. 1, top
right) is a ruthenium(II) organometallic complex with in vitro cyto-
toxicity at least comparable to, if not better than, that of cisplatin.13

Eric Meggers at the University of Pennsylvania has been reporting
on the relevance of indolocarbazole ruthenium structures for ob-

Fig. 1 Chemical structure of KP1019 (top left), of RM175 (top right),
of indolo carbazole ruthenium compounds (down left) and of NAMI-A
(down right).

taining staurosporine mimetics14 (Fig. 1, down left) with incredibly
low IC50 values (nanomolar or even lower) for glycogen synthase
kinase (GSK). Imidazolium trans-imidazoledimethylsulfoxide–
tetrachororuthenate NAMI-A (Fig. 1, down right) is active against
solid tumour metastases either in experimental mouse tumours or
against human xenografts.15

RM175 belongs to a family of compounds synthesized with the
principal aim of obtaining strong DNA interactions due to the
bifunctional effects of these compounds via intercalation and con-
ventional N-bonding. The character and extent of DNA distortion
induced by the resulting DNA adducts leads to thermodynamic
destabilization of DNA and their consequent biological effects.16

This is in line with the strategy for platinum drugs: the target is
DNA and the strong bonding to DNA might be less susceptible
to repair mechanisms, thus leading to compounds that remain
potentially active whereas cisplatin finds resistance.

Conversely, compounds such as KP1019 seem to fulfil the two
interesting properties attributed to some ruthenium complexes:
activation by reduction and selective transportation via the trans-
ferrin system, two mechanisms that might explain its antitumour
properties in vitro and in vivo.17

The role of ruthenium in the Meggers’ compounds is that of
structuring the scaffold in order to maintain the organic moiety
with the correct orientation to fit with the active site of GSK-
3 leading to its inactivation.18 These compounds may lead to a
new mechanism of cancer control, particularly towards cancers in
which GSK is relevant for tumour growth.19

The selectivity of reduction of tumour metastases by NAMI-A
and by the other ruthenium analogues having the same frame as
NAMI-A, is the unexpected result of studies performed with a
family of compounds programmed for delivery to tumour cells
via transferrin receptors and their selective activation to cytotoxic
species within the reductive environment of solid tumours.20 In
vitro cytotoxicity of these compounds does not appear to be
relevant for their effects on metastases;21 both these effects are
weaker than those of cisplatin and their action on the primary

1268 | Dalton Trans., 2007, 1267–1272 This journal is © The Royal Society of Chemistry 2007
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lines+ (Bergamo* and* al.,* 2007).+ Hayward+ showed+ that+ in+ the+ HCT116+ colorectal+ cancer+ cell+ line,+

RM175+ triggered+cell+ apoptosis+by+ inducing+ the+accumula6on+of+p53+protein+and+ its+ target+gene+

CDKN1A+(p21),+leading+to+the+cell+cycle+arrest+in+G1+/+G2+phase.+Cell+apoptosis+is+mediated+by+p53+

and+the+proKapopto6c+ factor+Bax* (Hayward*and*al.,*2005).+ Interes6ngly,+ in*vivo* treatment+of+ the+

ovarian+cancer+cell+ line+A2780+with+RM175+shows+a+significant+growth+delay+of+ the+ tumors+ (Aird*

and*al.,*2002).*

b. RAPTA)complexes)

RAPTA+complexes+were+developed+by+Dyson+and+have+a+ [PTA]+ ligand.+

This+ ligand+ gives+ them+ the+ capacity+ to+ a+ pHKdependent+ ac6va6on+

enabling+ high+ selec6vity+ for+ hypoxic+ cells+ at+ low+ pH.+ This+ compound+

was+ inspired+ by+ the+ RM175+ of+ Peter+ Sadler+ with+ a+ change+ of+ the+

ethylenediamine+ ligand+ by+ the+ PTA+ ligand.+ There+ are+ several+ RAPTA+

analogs+ including+ RAPTAKT+ and+ RAPTAKC,+ which+ I+ will+ describe+ now.+

RAPTAKT+has+an+an6Kmetasta6c+ac6vity+similar+to+NAMIKA+as+has+been+demonstrated+in*vitro+in+the+

highly+invasive+MDAKMBK231+ovarian+cancer+cell+line.+In*vivo,+the+two+compounds+provide+growth+

inhibi6on+of+lung+metastases+with+only+a+slight+effect+on+the+primary+tumor.+Their+rela6vely+simple+

structures+allow+them+to+be+ involved+ in+ intracellular+and+extracellular+processes.+Each+compound+

has+the+ability+to+interact+with+DNA+like+cispla6n+but+they+are+much+less+effec6ve.+Furthermore+the+

lesions+ are+ mostly+ repaired+ which+ proves+ that+ their+ cytotoxic+ ac6vity+ is+ not+ DNA+ dependent+

(Scolaro*and*al.,*2005;*Bergamo*and*al.,*2008).*

RAPTAcT)and)RAPTAcC)mode)of)ac;on)

Similarly+ these+compounds+trigger+a+cell+cycle+arrest+ in+G2+/+M+phase+followed+by+cell+apoptosis.+

Indeed,+RAPTA+induce+the+accumula6on+of+p53+and+its+target+gene+CDKN1A+(p21)+and+a+decrease+in+

Cyclin+ E+ leading+ to+ the+ mitochondrial+ apoptosis+ with+ the+ release+ of+ the+ cytochrome+ C+ and+ the+

ac6va6on+of+the+proKcaspase+9.+Furthermore,+JNK+would+be+cri6cal+in+the+inhibi6on+of+cell+growth+

by+RAPTAKC+(Cha^erjee*and*al.,*2008).+

c. DW)1/2)

Meggers's+ team+used+ a+ different+ strategy+ for+ the+ development+ and+ synthesis+ of+ new+ ruhtenium+

complexes.+ Indeed,+ he+ had+ used+ metal+ complexes+ as+ a+ structurally+ inert+ scaffolds+ for+ enzyme+

inhibitors+ based+ on+ the+ structure+ of+ staurosporine,+ resul6ng+ in+ compounds+ DW1+ /+ 2.+ The+ ATPK

compe66ve+ indolocarbazole+alkaloid+staurosporine,+potent+ inhibitor+of+various+kinases,+was+used+

as+ a+ lead+ structure+ to+ further+ develop+ the+ compound+ by+ replacing+ the+ carbohydrate+ unit+ of+
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stopping dose escalation at 600 mg/patient because of solubility
problems of the drug [19]. Pharmacokinetics in vivo (including
humans) is very close to that of NAMI-A, either in terms of protein
binding or of half-life time elimination from the blood.

1.3. RM175

Complexes such as RM175 (ONCO4417) (Fig. 4), prepared by PJ
Sadler at Edinburgh, break the rule of the “activation by reduction
mechanism”, since they are based on the Ruthenium at +2 oxidation
state then having no need to be reduced to be active.

RM175 is an organometallic complex of ruthenium, having direct
metal-carbon bonds, that fulfils the general rules expected for
metal-based drugs designed to target DNA with the main goals of
overcoming resistance in cancer cells resistant to cisplatin. The au-
thors expected these complexes to overcome resistance because of
the mode of DNA binding of these “piano stool” shaped complexes
where the “piano” of the stool is given by an arene and the legs are
represented by amine ligands and by one chloride leaving group.
Thus, besides the conventional targeting to guanines these complexes
include also binding by intercalation with the arene, as confirmed by
the group of Brabec who showed a markedly more pronounced DNA
“damage” by the compounds with bicycle arenes than those with sin-
gle rings [59,60]. DNA binding of the complexes containing biphenyl,
dihydroanthracene, or tetrahydroanthracene ligands (Ru-BIP, Ru-
DHA and Ru-THA) can involve combined coordination to guanine
N7 and non-covalent, hydrophobic interactions between the arene li-
gand and DNA, which may include arene intercalation and minor
groove binding. The adducts of Ru(II) arene compounds are preferen-
tially removed from DNA by mechanisms other than by nucleotide
excision repair, which provides additional support for a mechanism
underlying antitumor activity of Ru(II) arene compounds different
from that of cisplatin. The data on DNA binding perfectly fits with
the IC50 values obtained with cells in culture [61]. RM175 binds
DNA either with covalent and non-covalent (intercalation) bonds
and leads to cell death because of modulation of the p53-p21-bax
pathway after short term cell exposure and leading to a less docu-
mented p53 independent cell cytotoxicity with long term exposures
of colorectal HCT116 cells [62]. In particular, the determinants of
the short-term in vitro response to RM175 demonstrate a role for
p53 and p21 in the growth arrest and for p53 and Bax in the apoptotic
response. It remains to be seen whether the determinants of cellular
response identified here will be reflected in the anti-tumour activity
of RM175 in vivo. In vivo activity was established with RM175 in
the A2780 xenograft together with non-cross-resistance in the
A2780cis xenograft and a lack of activity in the 2780AD xenograft
[61]. Moreover, RM175 was active against MCa mammary carcinoma
in vivo and caused metastasis reduction. Attempts to compare the in
vivo effects with the in vitro behaviour, in a series of models mimick-
ing the detachment of cells from a primary mass and their invading
properties, do not always lead to congruent results. In fact, the effects
are not so clear to allow to state that the organometallic complex
RM175, besides its well-described effects on DNA, and on cell apopto-
sis, has some degree of selectivity against tumour metastases [63].

1.4. RAPTA-T

Also the ruthenium complex RAPTA-T (Fig. 5), belonging to the
RAPTA complexes prepared by PJ Dyson at Lausanne and character-
ized by the presence of the PTA (1,3,5-triaza-7-phosphoadamantane)
ligand in place of the ethylendiammine ligand of the complexes of
Sadler, is an organometallic complex of “piano stool” shape [64,65].

The PTA moiety confers biological characteristics that cause these
complexes to be selectively activated in the hypoxic milieu of solid
tumours. RAPTA-T, similarly to almost all the other derivatives of
this series [65] is only weakly cytotoxic, although its cytotoxicity is
better expressed on tumour cells than in non tumorigenic cells
(ratio 4.5 in favour of the former), while showing a significant ability

Fig. 5. Chemical structure of Ru(η6-C6H5Me)(PTA)Cl2 (RAPTA-T).
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Fig. 6. Relationship between inhibition of metastasis in vivo (and IC50 ratio between
the metastatic mammary carcinoma MDA-MB-231 and the non-tumorigenic HBL-100
cells of mammary epithelial origin) and of invasion in vitro by the ruthenium organo-
metallic RAPTA-T. A) In vivo effect on MCaMammary Carcinoma: groups of 9 CBA mice,
implanted i.m. with 106 MCa tumour cells on day 0 were treated i.p. with RAPTA-T at
80 mg/kg/day on days 8, 9 and 12 after tumour implant. Lung metastases and primary
tumour growth were determined on day 20 after tumour implant [66]. B) In vitro inhi-
bition of MDA-MB-231 mammary carcinoma invasion: MDA-MB-231 and HBL-100
cells were treated in vitro for 1 h with 100 μM RAPTA-T. Cells were then collected
and seeded on TranswellTM cell culture chambers coated with Matrigel®. Data repre-
sent cells that have invaded and are present on the lower surface of the filter after
96 h [66].

Fig. 7. Chemical structure of [ruthenium(phenanthroline)(κ-C,N-(2-phenyl-pyridine)
(NCMe)2]PF6 (RDC11).
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staurosponine+with+ruthenium+fragments.+The+interest+to+develop+compounds+that+target+DNA+has+

decreased+over+ the+years+ in+ view+of+ the+ lack+of+ specificity+of+ the+ac6vity+of+ the+compounds+and+

thus+ the+ appearance+ of+ severe+ side+ effects.+ Moreover,+ with+ the+ peak+ of+ molecular+ biology,+

researchers+ are+ working+ to+ iden6fy+ markers+ of+ cancer+ progression+ to+ target+ them+ specifically,+

especially+ those+ involved+ in+ the+ development+ of+ chemoresistance.+ In+ this+ context,+ targeted+

therapies+ such+ as+ the+ monoclonal+ an6bodies,+ bevacizumab+ (an6KVEGF)+ and+ trastuzumab+ (an6K

HER2)+have+already+been+developed.+

Among+ these+ compounds,+ DW1+ /+ 2+ racemic+ mixture+ specifically+ target+ the+ glycogen+ synthase+

kinase+3B+(GSK3B).+This+protein+kinase+exhibits+aberrant+ac6vity+in+many+pathologies+(Alzheimer's,+

Parkinson's+ desease)+ and+ in+ solid+ tumors+ (colon,+ liver,+ pancreas).+ It+ also+ plays+ a+ role+ in+ the+

genera6on+of+cancer+stem+cells.+GSK3B+is+a+key+modulator+of+glycogen+synthesis+and+can+regulate+

other+biological+processes+such+as+cell+cycle,+apoptosis+by+inhibi6ng+p53+and+thus+the+expression+of+

its+target+genes+(p21,*GADD45)+or+cell+mo6lity.+Smalley's+team+has+shown+the+ability+of+DW1+/+2+to+

induce+ apoptosis+ in* vitro+ in+ a+ model+ of+ melanoma.+ GSK3B+ specific+ inhibi6on+ allows+ p53+

accumula6on+by+ inhibi6ng+the+expression+of+MDM2+and+MDM4,+two+nega6ve+regulators+of+p53.+

p53+will+allow+the+establishment+of+apoptosis+by+the+intrinsic+mitochondrial+pathway+(Smalley*and*

al.,*2007).*

d. Ruthenium)derived)compounds)(RDC))

The+ RDCs+ are+ developed+ by+ the+ team+ of+ C.+ Gaiddon+ and+M.+ Pfeffer.+ These+ are+ cycloruthenated+

complex.+ Most+ of+ the+ rutheniumKcontaining+ compounds+ described+ so+ far+ have+ ligands+ that+ are+

bound+ to+ the+metal+ via+ a+ heteroatom+ (N,+ O,+ S).+ In+ order+ to+ improve+ the+ stability+ of+ ruthenium+

complexes,+ the+ groups+ of+ Dr.+ Pfeffer+ and+ of+ Dr.+ Gaiddon+ have+ in+ an+ interdisciplinary+ effort+

generated+and+tested+the+biological+ac6vity+of+over+100+new+rutheniumKbased+complexes+in+which+

the+ ligand+ is+ bound+ to+ the+ metal+ via+ strong+ covalent+ bonds+ CKM.+ This+ CKM+ bond+ is+ thought+ to+
�47

molecules could generate anticancer drugs that could target different
types of cancer.

1.6. Staurosporine-mimetics

Among many other ruthenium +2 and +3 complexes, a particu-
lar mention deserves the family of complexes synthesized by E Meg-
gers at the University of Pennsylvania [70].

These complexes, of which the most biologically studied can be
considered DW1/2 (Fig. 9), are characterized by the strong similarity
with Staurosporine. Meggers replaced the sugar in the molecule of
staurosporine with a metal of ruthenium carrying a number of sub-
stituents, getting a family of products capable of a significantly in-
creased affinity and selectivity for enzymes, including GSK3, Pim-1,
PI3K [71,72]. In particular, using a human melanoma derived set of
cells in vitro, DW1/2 is able to inhibit either GSK3beta and PI3K lead-
ing to apoptotic cell death mediated by p53 and the mitochondrial
pathway (see Fig. 10), on either two dimensional and three dimen-
sional growth systems, and to a strong inhibition of cell invasion [73].

These complexes have not yet demonstrated anticancer activity.
Nevertheless, on the basis of the selectivity and the highly specific
mechanism of action of these drugs further testing is warranted.
However, a number of studies are pointing out the high potential

impact of this strategy to get new drugs with innovative structures.
One example is given by CS292, one of these staurosporine mimetics,
that was shown to get into and to block the active site, where ATP is
bound, of the serine/threonine kinase BRAF, a protein that appears to
be mutated in barely 70% of melanomas [74]. It would not be surpris-
ing to see soon drugs based on this structure in development as anti-
cancer agent.

2. Conclusions

Ruthenium complexes have attracted a consistent interest after
the initial demonstration of their potentialities for the development
of anticancer agents. Clarke and Srivastava, described how ruthenium
drugs might have the possibility to discriminate between healthy and
cancer cells because of either the activation to cytotoxic species in the
tumour hypoxic tissue and the high transportation to tumour cells by
the transferrin machinery [75–77]. After more than 25 years, during
which a number of chemical possibilities have been explored, some
ruthenium-based pharmaceuticals may today represent a new impor-
tant tool to get drugs to treat cancer. Importantly, these drugs suggest
the possibility to act because of mechanisms different than that
expected from platinum-based drugs.

It is not possible yet to indicate which of the compounds discussed
in this review and listed in Table 4 is a good reference drug for future
developments with ruthenium-based drugs. The compounds
highlighted in this review represent very different approaches and
they cannot be grouped as to whether they would belong to a com-
mon panel of agents simply because they are based on the same
metal, e.g. ruthenium. The increased interest around this metal have
led some experts of the field to put forward hypothesis on the advan-
tages offered by the ruthenium chemistry for cancer treatment
[7,10,11,78,79]. Indeed, some of these opinion reviews start from
the common view of ruthenium-based compounds as the logic con-
tinuation of the platinum-chemistry. KP1019 realizes the goal to
mimic cisplatin with the potential advance to overcome resistance,
and perhaps its systemic toxicity, because of a different mode of ac-
tion on the nucleic acid machinery. Also RDC11 appears to differ
from the other metal-based drugs simply because of the inertness of
the molecule towards substitution reactions, therefore breaking the
rule of ligand exchange as a critical step before (or even to allow)
the interaction with its target. Nevertheless, it is without doubt that
NAMI-A is the most intriguing compound for its ability to act on tu-
mour metastases. This ability poses NAMI-A among the few com-
pounds under development for treating this aspect of tumour
growth, which is claimed to be responsible for the failure of the suc-
cess of the therapies against cancer [80].

However, in spite of the many differences that divide ruthenium
drugs such as KP1019, RDC11 and NAMI-A, there are some common
aspects that group them together.

Fig. 9. Chemical structure of the enantiomers DW1 and DW2; DW1/2 is a racemic mixture of DW1 and DW2.

Fig. 10. Proposed mechanism of the in vitro cytotoxicity of the staurosporine mimetic
DW1/2 in a model of human melanoma in vitro. 1: DW1/2 inhibits GSK3beta that
(2) loses its ability to maintain high levels of mdm2/4. The reduced control (3) of
mdm2/4 on p53 permits the rise of the levels of this pro-apoptotic system that via mito-
chondria (4) and caspase activation (5) leads to apoptosis (6). The caspase-dependent ap-
optotic machinery is reinforced by the inhibitory activity of the increased levels of p53 on
p21 (4′) that affects cell cycle (5′) which in turn reinforces (5″) the death signals.
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improve+the+stability+of+the+molecule,+confer+a+specific+range+of+redox+poten6al+and+allow+them+to+

be+ efficient+mediators+ of+ electron+ transfer+ to+ or+ from+ oxidized+ or+ reduced+ ac6ve+ sites+ of+ redox+

enzymes,+ thereby+ affec6ng+ their+ ac6vity+ (Ryabov*and*al.,* 2001;* Fe^er*and*al.,* 2011).+Moreover,+

these+ligands+may+addi6onally+confer+useful+physical+proper6es+to+the+organometallic+moiety+(such+

as+fluorescence),+thus+enabling+the+metal+and+ligand+to+be+traced+in+the+cell+in+vivo.+

+

One+ of+ the+ compounds+ of+ this+ family,+ RDC11+ was+

par6cularly+ studied+due+ to+a+ set+of+physical,+ chemical+and+

interes6ng+ biological+ proper6es.+ It+ has+ cytotoxic+ ac6vity+

generally+ stronger+ than+pla6num+deriva6ves+ (IC50+±+2uM)+

and+ is+ ac6ve+ on+ pla6num+ resistant+ cell+ lines+ (Caco2,+

HCT116+p53+K/K).+In+vivo,+it+reduces+tumor+growth+in+several+

syngenic+ (melanoma,+ F10B16)+ and+ xenograns+ (U87+

glioblastoma+ and+ A2780+ ovarian+ cancer+ cell+ lines)+ tumor+

models.+ It+ has+ also+ lower+ kidney+ and+ neuronal+ chronic+ toxicity+ than+ cispla6n.+ In+ addi6on,+ the+

RDC11+ is+ less+ sensi6ve+ to+ the+ mechanisms+ of+ cispla6n+ resistance+ as+ described+ for+ the+ overK

expression+of+the+ATP7B+transporter,+which+does+not+diminish+the+accumula6on+of+the+compound+

into+ the+ cell.+ Studies+on+RDC11+mode+of+ ac6on+have+ shown+ that+ this+ compound+can+ induce+ cell+

death+or+ growth+ arrest,+ by+DNA+dependent+ and+ independent+mechanisms* (Meng*and*al.,* 2009;*

Gaiddon*and*al.,*2005).*

RDC11)mode)of)ac;on)

Our+laboratory+showed+that+RDC11+was+able+to+induce+the+expression+of+p53+and+p73,+as+observed+

in+response+with+cispla6n.+Apoptosis+of+tumor+cells+is+maintained+in+p53+K/K+cell+lines+in+response+to+

the+ treatment.+ Furthermore,+ overexpression+of+ dominant+ nega6ve+p73,+ ΔNp73,+ par6ally+ inhibits+

the+ ability+ of+ RDC11+ to+ induce+ apoptosis.+ These+ experiments+ show+ that+ RDC11+ has+ a+ p53+

dependent+and+independent+cytotoxic+ac6vity.+The+RDC11+has+also+been+described+for+its+ability+to+

induce+ the+ oxida6ve+ stress+ by+ its+ accumula6on+ in+ the+ mitochondria+ thereby+ genera6ng+ ROS+

produc6on+ and+ the+ establishment+ of+ intrinsic+ mitochondrial+ apopto6c+ pathway.+ On+ the+ other+

hand,+ the+RDC11+ is+also+capable+ to+accumulate+ in+ the+endoplasmic+ re6culum,+ thus+ involving+ the+

stress+ of+ the+ endoplasmic+ re6culum+pathway+ (Figure) 13)+ (Gaiddon*and*al.,* 2005;*Meng*and*al.,*

2009;*Vidimar*and*al.,*2012;*Klajner*and*al.,*2014).**
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stopping dose escalation at 600 mg/patient because of solubility
problems of the drug [19]. Pharmacokinetics in vivo (including
humans) is very close to that of NAMI-A, either in terms of protein
binding or of half-life time elimination from the blood.

1.3. RM175

Complexes such as RM175 (ONCO4417) (Fig. 4), prepared by PJ
Sadler at Edinburgh, break the rule of the “activation by reduction
mechanism”, since they are based on the Ruthenium at +2 oxidation
state then having no need to be reduced to be active.

RM175 is an organometallic complex of ruthenium, having direct
metal-carbon bonds, that fulfils the general rules expected for
metal-based drugs designed to target DNA with the main goals of
overcoming resistance in cancer cells resistant to cisplatin. The au-
thors expected these complexes to overcome resistance because of
the mode of DNA binding of these “piano stool” shaped complexes
where the “piano” of the stool is given by an arene and the legs are
represented by amine ligands and by one chloride leaving group.
Thus, besides the conventional targeting to guanines these complexes
include also binding by intercalation with the arene, as confirmed by
the group of Brabec who showed a markedly more pronounced DNA
“damage” by the compounds with bicycle arenes than those with sin-
gle rings [59,60]. DNA binding of the complexes containing biphenyl,
dihydroanthracene, or tetrahydroanthracene ligands (Ru-BIP, Ru-
DHA and Ru-THA) can involve combined coordination to guanine
N7 and non-covalent, hydrophobic interactions between the arene li-
gand and DNA, which may include arene intercalation and minor
groove binding. The adducts of Ru(II) arene compounds are preferen-
tially removed from DNA by mechanisms other than by nucleotide
excision repair, which provides additional support for a mechanism
underlying antitumor activity of Ru(II) arene compounds different
from that of cisplatin. The data on DNA binding perfectly fits with
the IC50 values obtained with cells in culture [61]. RM175 binds
DNA either with covalent and non-covalent (intercalation) bonds
and leads to cell death because of modulation of the p53-p21-bax
pathway after short term cell exposure and leading to a less docu-
mented p53 independent cell cytotoxicity with long term exposures
of colorectal HCT116 cells [62]. In particular, the determinants of
the short-term in vitro response to RM175 demonstrate a role for
p53 and p21 in the growth arrest and for p53 and Bax in the apoptotic
response. It remains to be seen whether the determinants of cellular
response identified here will be reflected in the anti-tumour activity
of RM175 in vivo. In vivo activity was established with RM175 in
the A2780 xenograft together with non-cross-resistance in the
A2780cis xenograft and a lack of activity in the 2780AD xenograft
[61]. Moreover, RM175 was active against MCa mammary carcinoma
in vivo and caused metastasis reduction. Attempts to compare the in
vivo effects with the in vitro behaviour, in a series of models mimick-
ing the detachment of cells from a primary mass and their invading
properties, do not always lead to congruent results. In fact, the effects
are not so clear to allow to state that the organometallic complex
RM175, besides its well-described effects on DNA, and on cell apopto-
sis, has some degree of selectivity against tumour metastases [63].

1.4. RAPTA-T

Also the ruthenium complex RAPTA-T (Fig. 5), belonging to the
RAPTA complexes prepared by PJ Dyson at Lausanne and character-
ized by the presence of the PTA (1,3,5-triaza-7-phosphoadamantane)
ligand in place of the ethylendiammine ligand of the complexes of
Sadler, is an organometallic complex of “piano stool” shape [64,65].

The PTA moiety confers biological characteristics that cause these
complexes to be selectively activated in the hypoxic milieu of solid
tumours. RAPTA-T, similarly to almost all the other derivatives of
this series [65] is only weakly cytotoxic, although its cytotoxicity is
better expressed on tumour cells than in non tumorigenic cells
(ratio 4.5 in favour of the former), while showing a significant ability

Fig. 5. Chemical structure of Ru(η6-C6H5Me)(PTA)Cl2 (RAPTA-T).
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Fig. 6. Relationship between inhibition of metastasis in vivo (and IC50 ratio between
the metastatic mammary carcinoma MDA-MB-231 and the non-tumorigenic HBL-100
cells of mammary epithelial origin) and of invasion in vitro by the ruthenium organo-
metallic RAPTA-T. A) In vivo effect on MCaMammary Carcinoma: groups of 9 CBA mice,
implanted i.m. with 106 MCa tumour cells on day 0 were treated i.p. with RAPTA-T at
80 mg/kg/day on days 8, 9 and 12 after tumour implant. Lung metastases and primary
tumour growth were determined on day 20 after tumour implant [66]. B) In vitro inhi-
bition of MDA-MB-231 mammary carcinoma invasion: MDA-MB-231 and HBL-100
cells were treated in vitro for 1 h with 100 μM RAPTA-T. Cells were then collected
and seeded on TranswellTM cell culture chambers coated with Matrigel®. Data repre-
sent cells that have invaded and are present on the lower surface of the filter after
96 h [66].

Fig. 7. Chemical structure of [ruthenium(phenanthroline)(κ-C,N-(2-phenyl-pyridine)
(NCMe)2]PF6 (RDC11).
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Figure)13:)Cellular)responses)to)endoplasmic)re;culum)stress.+Celli*and*Tsollis,*2014+

The+endoplasmic+re6culum+is+important+in+protein+synthesis+and+is+involved+in+glucose+metabolism+

as+well+ as+ calcium+homeostasis.+ Disrup6on+ of+ cellular+ homeostasis+ by+ tumor+ processes,+ such+ as+

oxida6on,+malformed+proteins+and+glucose+depriva6on,+causes+the+ac6va6on+of+the+endoplasmic+

re6culum+ stress+ pathway+ (UPR,+ Unfolded+ protein+ response),+ which+ allows+ either+ to+ restore+

homeostasis+or+cell+death.+The+UPR+pathway+ is+characterized+by+the+ac6va6on+of+ three+proteins:+

the+ protein+ kinase+ RNAKlike+ ER+ kinase+ (PERK),+ the+ inositolKRequiring+ protein+ 1a+ (IRE1a),+ and+ the+

ac6va6ng+transcrip6on+factor+6+(ATF6).+PERK+ac6va6on+generally+ induces+the+decrease+of+protein+

synthesis+by+the+phosphoryla6on+of+EIF2a.+EIF2a+allows+ac6va6on+of+ATF4+protein+responsible+for+

ac6va6ng+ the+ ISR+ (integrated+ stress+ response),+ which+ aims+ to+ restore+ cellular+ homeostasis+ by+

controlling+ redox+ levels+ and+cellular+energy.+However,+PERK+protein+may+also+have+proKapopto6c+

effects+by+ac6va6ng+Ero1+protein,+which+is+a+type+of+redox+protein+PDI+(protein+disulfideisomerase)+

controlling+the+opening+or+closure+of+disulfide+bonds+between+cysteine+residues+of+certain+proteins.+

The+ ATF6+ protein+ is+ responsible+ for+ the+ synthesis+ of+ CHOP+ and+ XBP1+ transcrip6on+ factor.+ CHOP+

induces+ the+ expression+ of+ proKapopto6c+ genes+ such+ as+ CHAC1+ and+ TRB3.+ XBP1+ is+ involved+ in+

degrada6on+of+the+unfolded+proteins+and+lipids.+Serine+threonine+IRE1+kinase+causes+the+splicing+of+

XBP1+leading+to+the+expression+of+an+ac6ve+transcrip6on+factor+(XBP1s)+that+upKregulates+a+subset+
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of+UPR+target+genes+related+to+protein+folding,+ERKassociated+protein+degrada6on+(ERAD),+protein+

quality+control,+and+organelle+biogenesis+ (Brown*and*al.,*2012;*Oyadomari*and*al.,*2004;*Dalton*

and*al.,*2013;*Yada*and*al.,*2014).*

Meng+ and+ al+ showed+ that+ the+ RDC+ induced+ the+ expression+ of+ certain+ key+ modulators+ of+ this+

pathway+ such+ as+ XBP1,+ PDI+ and+ CHOP.+ CHOP+ induces+ the+ expression+ of+ two+ proKapoto6c+ target+

genes,+TRB3+and+CHAC1.+In+addi6on,+they+showed+that+the+cytotoxic+ac6vity+of+RDC11+was+CHOPK

dependent+ by+ inhibi6ng+ its+ expression+ by+ RNAi.+ The+ ability+ of+ RDC11+ to+ induce+ mul6ple+ and+

independent+stress+response+pathways+represents+an+interes6ng+property+for+an6cancer+drugs+that+

might+allow+a+broader+spectrum+of+ac6on+and+maybe+explain+why+RDCs+are+less+sensi6ve+toward+

cispla6n+resistance+mechanism+(Meng*and*al.,*2009).+
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III. EPIGENETIC)MODIFICATIONS)IN)GASTRIC)CANCER)

1.The)various)epigene;c)processes)

1.1. Generality*

Epigene6c+was+originally+defined+by+CH+Waddington+in+the+context+of+the+embryogenesis+as:+«+the+

causal+interac6ons+between+genes+and+their+products,+which+bring+the+phenotype+into+being+».+The+

establishment+of+the+epigene6c+program+is+crucial+during+development,+and+its+stability+is+essen6al+

for+maintaining+the+func6ons+of+each+cell+type+in+the+life+of+an+organism.+Commonly,+it+is+therefore+

referred+ to+ as+ «+ the+ study+ of+ heritable+ changes+ in+ gene+ expression+ that+ occur+ independent+ of+

changes+in+the+primary+DNA+sequence+»*(Sharma*and*al.,*2010).++

The+epigene6c+modifica6ons+will+have+as+consequences+to+modify+the+chroma6n+structure,+making+

it+ compact+ or+ accessible+ to+ the+ transcrip6onal+ machinery,+ and+ to+ influence+ gene+ expression.+

Epigene6c+ modifica6ons+ concern+ the+ DNA+ methyla6on,+ the+ covalent+ and+ nonKcovalent+ histone+

modifica6ons+ and+ the+ nonKcoding+ RNAs.+ These+ different+ pathways+ are+ interconnected+ and+

represent+the+guardians+of+the+cell+iden6ty+(Kanwal*and*al.,*2012).+

A+ failure+ of+ the+ proper+ maintenance+ of+ heritable+ epigene6c+ marks+ can+ result+ in+ inappropriate+

ac6va6on+ or+ inhibi6on+ of+ various+ signaling+ pathways+ leading+ to+ the+ development+ of+ different+

pathology+ (Egger* and* al.,* 2004;* Jones* and* al.,* 2002).+ Cancers+ such+ as+ GC,+ are+ defined+ as+

heterogeneous+and+mul6factorial+diseases,+consequences+of+both+gene6c+and+epigene6c+changes.+

The+ study+ of+ the+ gene6c+ causes+ of+ cancer+ (muta6ons,+ amplifica6ons,+ loss+ of+ chromosome+

material...)+ has+ long+ been+ at+ the+ forefront+ in+ research.+ The+ new+ highKthroughput+ sequencing+

techniques+ have+ allowed+molecular+ analysis+ of+ cancers+ (see)Molecular) characteriza;on) of) GC),+

leading+ to+ the+ emergence+ of+ new+ molecular+ actors+ implicated+ in+ epigene6c+ modifica6ons+ in+

carcinogenesis+ (Jones*and*al.,*2005).+They+show+the+ability+to+modulate+the+chroma6n+structure,+

and+ so+ control+ the+ expression+ of+ genes.+ These+ new+ studies+ have+ revealed+ the+ important+ role+ of+

epigene6c+ changes+ in+ the+ ini6a6on+ and+ progression+ of+ cancers.+ Moreover,+ unlike+ the+ gene6c+

changes,+ epigene6c+ modifica6ons+ are+ dynamic+ and+ reversible.+ Characteriza6on+ of+ specific+

inhibitors+ of+ certain+ epigene6c+ effectors+ opened+ the+ possibility+ of+ new+ therapeu6c+ approaches+

which+seems+to+be+really+promising,+with+some+molecules+already+approved+by+the+FDA+and+other+

in+clinical+trials+(Yoo*and*al.,*2006).+
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1.2. DNA*Methyla-on*

DNA+ methyla6on+ plays+ an+ important+ role+ in+ the+ maintenance+ of+ genome+ integrity,+ in+ genomic+

imprin6ng,+ transcrip6onal+ regula6on+ and+ in+ developmental+ processes* (Wu* and* al.,* 2010).+ It+

enables+ a+ stable+ gene+ silencing+ which+ will+ have+ consequences+ for+ the+ regula6on+ of+ gene+

expression,+ chroma6n+ architecture,+ modifica6on+ of+ histones+ and+ nonKhistone+ proteins.+ DNA+

methyla6on+occurs+preferen6ally+ in+ regions+ rich+ in+dinucleo6des+of+ cytosine+ (C)+and+guanine+ (G)+

distributed+unevenly+in+the+genome:+the+CpG+islands*(Bird,*2002;*Takai*and*al.,*2002).+These+islands+

are+underKrepresented+in+the+genome+and+located+at+the+5‘+end+of+60%+of+genes+in+the+promoter+or+

the+first+exon)(Wang*Y.*and*al.,*2004).+Furthermore,+methyla6on+of+the+nonKtranscribed+regions+is+

also+ observed.+ These+ genomic+ regions+ have+ repeated+ sequences+ at+ the+ centromeres,+ the+ gene+

body+and+the+retrotransposon+elements+(Figure)14)+(Suzuki*and*al.,*2008;*Robertson,*2005;*Portela*

and*al.,*2010).**

a).+

+

b).+

c).+

Figure) 14:) DNA) methyla;on) processes+ a).+ CpG+ island+ at+ promoters+ of+ genes+ are+ normally+

unmethylated,+ allowing+ transcrip6on.+ Aberrant+ hypermethyla6on+ leads+ to+ transcrip6onnal+

inac6va6on.+ b).+ Methyla6on+ at+ the+ gene+ body+ facilita6ng+ transcrip6on+ by+ preven6ng+ spurious+

transcrip6ons+ ini6a6ons.+ c).+ Repe66ve+ sequences+ appear+ to+ be+ hypermethylated,+ preven6ng+

chromosomal+ instability,+ transloca6ons+ and+ gene+ disrup6on+ through+ the+ retrotransposons+

element.+Portela*and*al.,*2010+
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DNA methylation does not occur exclusively at CpG islands. The term 
CpG island shores, referring to regions of lower CpG density that lie in 
close proximity (~2 kb) of CpG islands, has recently been coined. The 
methylation of these CpG island shores is closely associated with tran-
scriptional inactivation (Fig. 1b). Most of the tissue-specific DNA methy-
lation seems to occur not at CpG islands but at CpG island shores19,20. 
Differentially methylated CpG island shores are sufficient to distinguish 
between specific tissues and are conserved between human and mouse. 
Moreover, 70% of the differentially methylated regions in reprogramming 
are associated with CpG island shores20,21.

DNA methylation is less frequently coupled with transcriptional acti-
vation, as when, for instance, it occurs at gene bodies (Fig. 1c). Gene 
body methylation is common in ubiquitously expressed genes and is 
positively correlated with gene expression22. It has been proposed that 
it might be related to elongation efficiency and prevention of spurious 
initiations of transcription23.

DNA methylation and DNA methylation–associated proteins not 
only participate in gene transcription regulation in cis, but also act 
in trans, being involved in nuclear organization and in the establish-
ment of specific chromosomal territories. An imprinted region can 
physically interact with sequences distant in the primary sequence or 
on different chromosomes. These physical interactions in trans can 

more than 200 bases with a G+C content of at least 50% and a ratio of 
observed to statistically expected CpG frequencies of at least 0.6. CpG 
dinucleotides are usually quite rare in mammalian genomes (~1%). 
About 60% of human gene promoters are associated with CpG islands 
and are usually unmethylated in normal cells, although some of them 
(~6%) become methylated in a tissue-specific manner during early 
development or in differentiated tissues12 (Fig. 1a).

In general, CpG-island methylation is associated with gene silenc-
ing. DNA methylation plays a key role in genomic imprinting, where 
hypermethylation at one of the two parental alleles leads to monoal-
lelic expression13. A similar gene-dosage reduction is observed in 
X-chromosome inactivation in females14.

DNA methylation can inhibit gene expression by various mechanisms. 
Methylated DNA can promote the recruitment of methyl-CpG-binding 
domain (MBD) proteins. MBD family members in turn recruit histone-
modifying and chromatin-remodeling complexes to methylated sites15,16. 
DNA methylation can also directly inhibit transcription by precluding the 
recruitment of DNA binding proteins from their target sites17. In contrast, 
unmethylated CpG islands generate a chromatin structure favorable for 
gene expression by recruiting Cfp1, which associates with histone methyl-
transferase Setd1, creating domains rich in the histone methylation mark 
H3K4 trimethylation (H3K4me3; see below)18.
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Figure 1  DNA methylation patterns. DNA methylation can occur in different regions of the genome. The alteration of these patterns leads to disease in the 
cells. The normal scenario is depicted in the left column and alterations of this pattern are shown on the right. (a) CpG islands at promoters of genes are 
normally unmethylated, allowing transcription. Aberrant hypermethylation leads to transcriptional inactivation. (b) The same pattern is observed when studying 
island shores, which are located up to 2 kb upstream of the CpG island. (c) However, when methylation occurs at the gene body, it facilitates transcription, 
preventing spurious transcription initiations. In disease, the gene body tends to demethylate, allowing transcription to be initiated at several incorrect sites. (d) 
Finally, repetitive sequences appear to be hypermethylated, preventing chromosomal instability, translocations and gene disruption through the reactivation of 
endoparasitic sequences. This pattern is also altered in disease.
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Methyla6on+ is+an+early+event+during+ the+development+ through+the+ac6on+of+ three+enzymes,+ the+

DNA+ methyltransferases+ (DNMT):+ DNMT1,+ Dnmt3a+ and+ DNMT3b.+ These+ enzymes+ allow+ the+

transfer+of+a+methyl+group+from+the+donor+molecule+SKadenosylKLKmethionine+(SAM)+to+the+carbon+

5+of+cytosine+ (Friedman*and*al.,*2009).+DNMT1+ is+ involved+ in+ the+maintenance+of+ the+epigene6c+

informa6on+in+the+next+genera6on.+It+has+the+ability+to+methylate+hemimethylated+DNA+during+the+

S+phase+of+the+cell+cycle.+Conversely,+DNMT3a+and+DNMT3b+enzymes+allow+de*novo+methyla6on+of+

the+ DNA+ independently+ of+ the+ replica6on.+ These+ enzymes+ can+ act+ on+ unmethylated+ or+

hemimethylated+ DNA.+ They+ are+ responsible+ for+ changes+ in+ epigene6c+ informa6on+ allowing+ the+

silencing+ of+ certain+ genes+ of+ interest.+ DNMT3a/3b+ have+ a+ cri6cal+ role+ in+ the+ ini6a6on+ and+

progression+of+cancer+and+are+frequently+overexpressed+in+cancers,+unlike+DNMT1+(Sachan*and*al.,*

2015).*

Methylated+ CpG+ islands+ are+ recognized+ by+ a+ conserved+ protein+mo6f+ of+ about+ 70+ amino+ acids,+

called+MethylKCpGKbinding+domain+ (MDB).+ This+domain+ is+ found+ in+ a+protein+ family+whose+main+

members+ are+MeCP2,+MBD1,+MBD2,+MDB3+ and+MDB4+ (Filion* and* al.,* 2004).+ However,+ Kaiso+ a+

transcrip6on+factor,+containing+no+MBD+but+a+zinc+finger+structure+within+a+range+BTB+/+POZ+(Broad+

complex,+Tramtrack+and+bric+a+brac+/+poxvirus+and+zinc+finger)+was+also+described+for+its+ability+to+

bind+methylated+ CpG+ (Deltour* and* al.,* 2005).+ These+ factors+ have+ the+ ability+ to+ recruit+ different+

complex+ leading+ to+ the+ histone+ postKtransla6onal+ modifica6ons+ called+ the+ covalent+ histone+

modifica6ons+(such+as+methyla6on+and+deacetyla6on),+resul6ng+in+a+change+of+the+transcrip6onal+

gene+expression+(Nan*and*al.,*1998).+

1.3. Histone*modifica-ons*

Chroma;n)Structure)

The+ chroma6n+ is+ formed+ of+ several+ repeated+ nucleosome+ units,+ which+ consists+ of+ 146pb+ DNA+

wrapped+twice+around+an+octamer+of+four+core+histone+proteins,+the+nucleosomal+histones:+H3KH4K

H2AKH2B+(Kornberg*and*al.,*1974*;*Kornberg*et*al.,*1995).+Nucleosomes+are+spaced+with+50bp+of+

naked+DNA+and+ the+histone+H1,+ an+ internucleosomal+ histone+or+ linker.+ They+ represent+ the+most+

abundant+proteins+in+chroma6n+and+exhibit+a+strong+conserva6on+of+their+sequence+except+for+H1.+

The+ nucleosomes+ are+ assembled+ into+ complex+ structures+ (spirals,+ solenoid,+ helix)+ to+ form+ the+

chromosome.+ The+ level+ of+ compac6on+ involves+ different+ nonKhistone+ proteins+ including+ the+

topoisomerase+ II.+ Two+ types+ of+ chroma6n+ are+ observed:+ Euchroma;n) (relaxed+ and+ transcribed+

structure)+and+Heterochroma;n)(condensed+and+inaccessible+to+the+transcrip6onal+machinery+like+

in+the+centromere+and+telomere).*(Felsenfeld*and*al.,*2003)+

�53



Nonccovalent)histone)modifica;ons)

The+nonKcovalent+histone+modifica6ons+include+the+change+in+the+nucleosome+posi6oning+and+the+

replacement+of+the+canonical+histones+by+histone+variants.+As+described+above,+the+nucleosomes+

allow+ the+ packaging+ of+ DNA+ in+ the+ cell+ and+ so+ the+ regula6on+ of+ gene+ expression+ through+ the+

altera6on+of+the+regulatory+DNA+sequences+accessibility+for+the+transcrip6on+factors+(Jiong*and*al.,*

2005).+ Genome+ wide+ studies+ of+ nucleosome+ mapping+ have+ shown+ the+ precise+ posi6oning+ of+

nucleosomes+ in+ the+ vicinity+ of+ gene+ promoters,+ specifically+ at+ the+ transcrip6on+ start+ site+ (TSS),+

which+ influences+ the+ ini6a6on+ of+ transcrip6on* (Mayrich* and* al.,* 2008).+ The+ nucleosome+ free++

region+ (NFR)+ is+ present+ in+ 5’+ and+3'+ end+of+ genes+ and+ allows+ the+ assembly+ /+ disassembly+ of+ the+

transcrip6onal+ machinery.+ The+ modula6on+ of+ the+ NFR+ is+ regulated+ by+ the+ ATPKdependent+

chroma6nKremodeling+ complexes+ which+ modify+ the+ accessibility+ of+ DNA* (Smith* and* al.,* 2005).+

These+ chroma6n+ remodeling+ complexes+ are+ classified+ into+ 4+ groups:+ SWI+ /+ SNF,+ ISWI,+ CHD+ and+

INO80+ (Roberts* and* al.,* 2004;* Ho* and* al.,* 2010).+ They+ allow+ the+ binding+ or+ exclusion+ of+

nucleosomes.+Thus,+they+will+have+a+role+in+many+cellular+processes+such+as+the+regula6on+of+gene+

expression+ (p21+ regula6on+ by+ SWI+ /+ SNF)+ or+ the+ alterna6ve+ splicing+ modula6on,+ DNA+ repair,+

telomere+ regula6on,+ chromosome+ segrega6on+ and+ DNA+ replica6on+ (VillarUGarea* and* al.,* 2003).+

Moreover,+ SWR1,+ a+ member+ of+ the+ INO80+ family,+ is+ the+ only+ one+ to+ present+ the+ ability+ to+

restructure+ the+nucleosome+by+ removal+of+ the+H2AKH2B+dimers,+ replacing+ it+with+ the+H2BKH2A.Z+

dimers,+a+histone+variant*(Bachman*and*al.,*2003).+The+interac6on+of+the+nucleosome+remodeling+

machinery+with+the+DNA+methyla6on+and+the+covalent+histone+modifica6ons+plays+a+crucial+role+in+

the+overall+establishment+of+gene+expression+and+chroma6n+architecture+paqern.+In+addi6on+to+the+

altera6ons+ in+the+nucleosomes+posi6oning,+ incorpora6on+of+histone+variants+can+be+observed.+ In+

contrast+to+canonical+histones+whose+synthesis+and+incorpora6on+is+coupled+to+the+DNA+replica6on+

in+ S+ phase,+ the+ histone+ variants+ are+ present+ all+ along+ the+ cell+ cycle.+ They+ will+ have+ a+ role+ in+

nucleosome+posi6oning+and+gene+expression.+For+example,+histone+variant+H3.3+and+H2A.Z+were+

found+at+the+ac6ve+gene+promoters+(Santenard*and*al.,*2009).+H2A.Z+helps+to+protect+genes+against+

the+DNA+methyla6on+(Zilberman*and*al.,*2008).+In+embryonic+stem+cells,+H2A.Z+is+colocalizes+with+

the+ bivalent+ domain,+ allowing+ the+ maintenance+ of+ genes+ involved+ in+ development.+ Histone+

variants,+such+as+canonical+histones+can+undergo+covalent+modifica6ons*(Creyghton*and*al.,*2008).+

Covalent)histone)modifica;ons)

Histones+ are+ composed+ of+ a+ globular+ CKterminal+ end+ and+ an+ unstructured+ NKterminal+ tail.+ PostK

transla6onal+modifica6ons+ of+ histones+ take+ place+ on+ their+ tail,+ such+ as+methyla6on,+ acetyla6on,+

ubiqui6nyla6on,+ sumoyla6on+ and+ phosphoryla6on.+ These+ changes+ allow+ the+ regula6on+ of+ key+

processes+ such+ as+ transcrip6on,+ replica6on+ and+ DNA+ repair.+ They+ will+ induce+ a+ change+ in+ the+
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chroma6n+accessibility+for+the+nonKhistone+effector+proteins+and+therefore+ac6va6on+or+repression+

of+ the+ transcrip6on+ as+ a+ func6on+ of+ epigene6c+marks.+ The+ different+ combina6ons+ of+ epigene6c+

marks+ observed+ (acetyla6on+methyla6on+ for+ example)+ form+ an+ epigene6c+ code+ and+ are+

interdependent+(Jenuwein*and*al.,*2001).++

The+covalent+histone+modifica6ons+currently+described+are+ the+acetyla6on+and+methyla6on.+The+

other+ histone+ modifica6ons+ (phosphoryla6on,+ ubiqui6nyla6on+ and+ sumoyla6on)+ will+ not+ be+

men6oned+here.+Acetyla6on+of+some+histone+ lysine+residues+will+ induce+a+chroma6n+state+called+

"open"+and+therefore+transcrip6onally+ac6ve,+whereas+the+effect+of+methyla6on+is+dependent+on+

the+residue+involved+(lysine+or+arginine)+and+on+the+number+of+methylated+residues.+For+example,+

trimethyla6on+ of+ histone+ H3+ on+ lysine+ 4+ (H3K4m3)+ will+ ac6vate+ the+ promoter+ of+ the+ gene+

concerned.+Conversely,+the+epigene6c+mark+H3K9m3+and+H3K27m3+will+repress+promoter+ac6vity.+

Interes6ngly,+the+embryonic+stem+cells+(ES+cells)+have+a+bivalent+domain+allowing+them+to+ensure+

their+ pluriopotency+ and+ selfKrenewal+ (Kouzarides,* 2007).+ This+ bivalent+ domain+ exhibits+ an+ ac6ve+

mark+ for+ transcrip6on,+ H3K9m3+ and+ one+ inhibitory+ for+ the+ transcrip6on,+ H3K27m3,+ in+ gene+

promoter+ involved+ in+ the+development+ (Bernstein*and*al.,* 2006).+Both+marks+will+ be+handled+by+

two+cri6cal+regulators:+

K The+polycomb,)which+catalyzes+H3K27m3+to+allow+the+inhibi6on+of+cell+fate+specific+genes+

and+therefore+maintain+the+pluripotency+of+ES+cells.+

K The+ trithorax) group,) which+ catalyzes+ H3K4m3+ important+ to+ maintain+ ac6ve+ chroma6n+

during+development.+

These+mechanisms+ allow+ phenotypic+ plas6city.+ Thereaner,+ the+ differen6ated+ cells+will+ lose+ their+

bivalence+ and+ acquire+ a+ more+ rigid+ chroma6n,+ allowing+ the+ maintenance+ of+ cellular+ iden6ty+

(Ringrose*and*al.,*2007).*

Histone+ modifica6ons+ are+ controlled+ dynamically+ by+ different+ enzymes.+ The+ histone+

acetyltransferase+(HAT)+and+histone+methyltransferase+(HMT)+respec6vely+allow+the+addi6on+of+a+

acetyl+ and+methyl+ groups+ (Haberland* and* al.,* 2009;* Shi,* 2007).+ Histone+ deacetylase+ (HDAC,+ see+

sec6on+below)+and+histone+demethylase+(HDM)+induced+loss+of+this+group.+These+enzymes+interact+

with+ each+ other+ as+ well+ as+ other+ DNA+ regulatory+ mechanisms+ for+ modula6ng+ the+ status+ of+

chroma6n+ and+ thus+ transcrip6on.+ Two+ main+ func6ons+ are+ advanced+ for+ the+ covalent+ histone+

modifica6ons+(Parra,*2015):+

K Modify+ the+ electrosta6c+ balance+ between+ the+ histones+ and+ thereby+ modulate+ the+

chroma6n+condensa6on+status,+allowing+access+to+protein+factors.+

K Be+the+target+of+nuclear+factors+specifically+recognizing+these+epigene6c+marks.+
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Epigene6c+signature+is+observed+in+the+context+of+cancer.+Indeed,+a+general+DNA+hypomethyla6on+

is+ observed+ with+ a+ local+ hypermethyla6on+ (Sachan* and* al.,* 2015).+ Hypomethyla6on+ relates+ to+

oncogenes+coding+regions,+but+also+to+repeated+sequence+regions+cri6cal+in+maintaining+stability+of+

chromosomes,+ inac6va6on+of+transposable+elements+and+genomic+ imprin6ng+(Wa^*et*al.*2000)* .+

Inversely,+ the+ local+ hypermethyla6on+ causes+ transcrip6onal+ repression+ of+ genes+ with+ tumor+

suppressor+ role+ (Esteller* 2002;* 2007;* 2008).+ Indeed,+ the+ DNA+ methyla6on+ and+ histone+

modifica6ons+interact+together+to+determine+gene+expression,+chroma6n+organiza6on+and+cellular+

iden6ty.+The+HMT+enzymes+allow+the+recruitment+of+the+DNMT+at+specific+genomic+ loci+to+stably+

silent+ genes.+ The+ HMT+ and+ HDM+ also+ have+ the+ ability+ to+ influence+ DNA+ methyla6on+ levels+ by+

regula6ng+ the+DNMT+protein+stability.+Furthermore,+ the+DNMT+have+ the+ability+ to+ recruit+HDACs+

and+MBP+thus+allowing+inhibi6on+of+transcrip6on+and+chroma6n+compac6on+(Cedar*and*al.,*2009)+

(Figure)15).+

Figure)15:)Epigene;c)control)of)gene)transcrip;on)by)altera;ons)in)DNA)methyla;on)status)and)

chroma;n)modifica;ons.**

A:+Transcrip6onally+ac6ve+DNA+(light+blue+circles)+is+associated+with+unmethylated+CpG+residues+on+

the+ DNA+ (white+ circles)+ and+ specific+ posqransla6onal+ histone+modifica6ons,+ including+ increased+

levels+ of+ acetyla6on+ (green+ triangles)+ of+ key+ histone+ H3+ lysine+ residues+ (light+ pink+ arrows).+ The+

resultant+DNA+is+readily+accessible+to+histone+acetyl+transferases+(HATs)+as+well+as+other+enzymes+

and+ cofactors+ important+ in+ gene+ transcrip6on.+ B:) Chroma6n+ may+ be+ transformed+ into+ a+

transcrip6onally+repressive+conforma6on,+which+is+characterized+by+methylated+CpGs+on+the+DNA+
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(red+ circles),+ compacted+ nucleosomes+ (dark+ blue+ circles),+ with+ deacetylated+ histones+ (dark+ pink+

arrows),+and+ further+posqransla6onal+modifica6ons,+ including+methyla6on+of+specific+histone+H3+

lysine+ residues+ (red+ ovals).+ This+ repressive+ conforma6on+ renders+ the+ DNA+ inaccessible+ to+ the+

transcrip6onal+machinery,+ and+ is+ established+ and+maintained+ by+ proteins,+ including+methylKCpG+

binding+ proteins+ (MBPs),+ histone+ deacetylases+ (HDACs),+ and+ DNA+ methyltransferases+ (DNMTs).++

Lindsey*and*al.,*2005+

During+my+PhD+I+got+interested+in+the+histone+deacetylase+and+miRNA+in+gastric+cancer.+I+will+now+

speak+in+more+detail+of+these+two+processes,+first+of+all+from+a+general+point+of+view,+and+then+in+++

the+context+of+GC.+
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2.The)histone)deacetylases))
During+ our+ inves6ga6ons+ on+ the+ compared+ mode+ of+ ac6on+ of+ cispla6n+ and+ RDC11,+ we+ have+

highlighted+the+involvement+of+histone+deacetylases+(HDAC,+Ar6cle+1).+As+described+above,+HDACs+

play+an+important+role+in+the+establishment+of+covalent+histone+modifica6ons.+They+have+the+ability+

to+remove+the+acetyl+group+of+lysine+previously+transferred+by+the+HAT+on+a+vast+array+of+nuclear+

and+cytoplasmic+protein.++

2.1. Histone*acetyla-on:*mode*of*ac-on*

The+histone+acetyltransferase+(HAT)+catalyzes+the+transfer+of+an+acetyl+group+from+acetyl+coenzyme+

A+to+the+εKamino+groups+of+certain+lysine+residues+in+the+tail+of+the+histone+proteins.+Neutraliza6on+

of+the+posi6ve+charge+on+the+NH3++group+of+lysine+will+enable+the+inhibi6on+of+contact+with+DNA,+

adjacent+ nucleosomes+ and+ proteins.+ Consequently+ chroma6n+ will+ have+ a+ more+ flexible+

conforma6on,+making+it+more+accessible+to+the+transcrip6onal+machinery.+This+process+is+reversible+

via+ the+ ac6on+ of+ HDAC+ allowing+ the+ withdrawal+ of+ the+ acetyl+ group+ (de* Ruijter* and* al.,* 2003)*

(Figure)16).+The+level+of+histone+acetyla6on+thus+depends+on+the+balance+between+the+ac6vity+of+

HAT+and+HDAC.+It+plays+a+cri6cal+role+in+chroma6n+remodeling+and+regula6on+of+gene+transcrip6on.+

Histone+acetyla6on+is+preferably+observed+on+histone+H3+and+H4+(Ropero*and*al.,*2007).+

Figure)16:)Role)of)HAT)and)HDAC)in)transcrip;onal)regula;on.+Kim*and*al.,*2003*

2.2. HDAC*classifica-on*

HDACs+are+part+of+the+superfamily+of+the+zinc+metalloenzymes+and+are+classified+according+to+their+

sequence+ homology+with+ the+ HDAC+ yeast+ S.* cerevisiae.+ There+ are+ 18+ HDAC+ in+ humans+ that+ are+

grouped+into+4+classes,+the+classical+HDAC+of+class+I,+ II+and+IV+whose+ac6vity+is+dependent+on+the+

Zn2++ ion+ (figure) 17).+ The+ class+ III,+ called+ Sirtuin+ differs+ from+ the+ classical+ HDAC+ by+ their+ NAD++
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TATA box; and finally SRC-1 and ACTR, which are co-
activators for the ligand-activated nuclear receptors (Bannister
et al., 1996; Ogryzko et al., 1996; Mizzen et al., 1996;
Spencer et al., 1997; Kouzarides, 1999). Basically, all of these
enzymes have covalent modification activity on lysine residue
of histone. Also, eleven HDACs have been cloned from
humans, and classified into two groups, based on their size
and number of catalytic core domains. Class I is the yeast
RPD3 homologous, HDAC1, 2, 3, and 8. Class II is the yeast
HDA1 homologues, HDAC4, 5, 6, 7, 9, 10, and 11 (Marks et
al., 2001) (Fig. 2). Interestingly, Sir2 is identified as HDAC in
yeast, and conserved in organisms that range from bacteria to
humans. Unlike other HDACs, this enzyme requires
nicotinamide-adenosine dinucleoside (NAD) as a co-factor
(Lander et al., 2000). A variety of isotypes, and an abundant
amount of proteins in these enzymes imply, that these proteins
take charge of pivotal roles in cellular functions (Hwang et al.,
2000). Because of its role in carcinogenesis, HDAC has been
especially interesting. It has become a new and promising
target of cancer therapy.

HDAC Complexes

One of interesting features of HDAC is that it requires several
other components of multiprotein complexes to perform its
cellular activities. In fact, HDAC has usually been found in
large protein complexes. Two major HDACs that contain
complexes are mSin3A and the nucleosome-remodeling histone
deacetylase (NuRD) complex. HDAC1 and HDAC2 are
associated with the two complexes in most of the mammalian
cells. On the other hand, HDAC3 and the class II HDACs are
not found in the mSin3A and NuRD complexes (Grozinger et
al., 1999). The mSin3A complex controls transcriptional
repression by recruiting unliganded nuclear receptor proteins,
like NcoR / SMRT or the Mad family of the basic helix-loop-
helix-zipper proteins (Alland et al., 1997; Heizel et al., 1997;
Laherty et al., 1997; Nagy et al., 1997). Other components of
the mSin3A complex, except HDAC1 and HDAC2, are
mSin3A, SAP18, Sap30, RbAp46, and RbAp48. The functions
of mSin3A may act as a scaffold for the complex. SAP30 may

Fig. 1. Role of HAT and HDAC in transcriptional regulation. (A)
Histone modification by HAT and HDAC. (B) Regulation of
gene-expression switch by co-activator or co-repressor complex.

Fig. 2. Classification of HDAC isotypes. Eleven HDACs were
identified in mammalian cells and classified into two groups,
based on their size and number of catalytic core domain. Class I
is the yeast RPD3 homologous, HDAC1, 2, 3, and 8. Class II is
the yeast HDA1 homologues, HDAC 4, 5, 6, 7, 9, 10, and 11.
Interestingly, Sir2 is identified as HDAC in yeast and conserved
in organisms, ranging from bacteria to humans. Unlike other
HDACs, this enzyme requires the nicotinamide-adenosine
dinucleoside (NAD) as a co-factor.



dependent+mode+of+ac6on.+The+laqer+will+not+be+discussed+in+the+descrip6ons+that+follow+(Parra,*

2015;*de*Ruijter*and*al.,*2003).+

+

Figure)17):)Classifica;on)of)HDAC)enzymes.+d’Ydewall*and*al.,*2012.*

Class)I)

The+ class+ I+ is+ represented+ by+ HDAC1,+ 2,+ 3+ and+ 8+ and+ relates+ to+ the+ yeast+ enzyme+ RPB3.+ Their+

cataly6c+domain+present+at+the+NKterminal+occupies+more+than+50%+of+the+protein.+They+are+mainly+

localized+into+the+nucleus.+HDAC1+and+HDAC2+have+82%+of+sequence+homology+(Wade,*2001;*Cress*

and*al.*2000;*Li*and*al.,*2002;*Kao*and*al.,*2000).+Their+ac6vity+is+dependent+on+the+forma6on+of+

coKrepressor+complex+aner+their+phosphoryla6on,+allowing+their+interac6on+with+the+components+

of+the+complex+mSin3A+and/or+NuRD+(Galasinski*and*al.,*2002;*Zhang*and*al.,*1999;*Ashburner*and*

al.,*2001).+Conversely,+HDAC3+does+not+interact+with+these+complexes.+However,+they+all+also+have+

the+ability+to+directly+interact+with+DNA+binding+proteins+such+as+YY1,+SP1+and+RbBP.+HDAC3+has+a+

nonKconserved+CKterminal+end+which+is+important+for+its+deacetylase+and+transcrip6onal+repression+

ac6vity.+It+has+an+import+(NLS)+and+export+(NES)+nuclear+domain.+The+balance+between+the+two+is+

dependent+on+the+cellular+context+(Yang*and*al.,*2002a).+HDAC3+has+the+ability+to+form+complexes+

with+SMRT+/+NCoR+that+are+necessary+for+its+ac6vity+through+their+deacetyla6on+domain+(Berthos*

and* al.,* 2001;* Kao* and* al.,* 2002).+ Furthermore,+ HDAC3+ plays+ an+ important+ role+ in+ the+ complex+

forma6on+with+other+HDAC,+including+HDAC4+and+HDAC5+from+the+class+II+(Fischle*and*al.,*2001).+

Finally,+HDAC8+has+sequence+similarity+with+HDAC3.+Liqle+is+known+about+this+member.+
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Class)II)

The+class+II+is+divided+into+2+subKfamily,+consis6ng+of+the+Class+IIa+(HDAC4,+5,+7+and+9)+and+the+Class+

IIb+(HDAC6+and+10).++

Class#IIa#

They+ are+ 6ssue+ specific,+ and+ described+ in+ cardiac+ and+ smooth+ muscle,+ bone,+ immune+ system,+

vascular+ system+and+ the+ brain+ (Parra,* 2015).+ In+ the+ 2000s,+Olson+ and+ his+ colleagues+ have+made+

knockout+ of+ each+ member+ of+ the+ family+ which+ helped+ to+ highlight+ their+ crucial+ role+ in+ the+

phenomenon+of+development+and+differen6a6on*(Vega*and*al.,*2004).+They+may+have+a+nuclear+or+

cytoplasmic+localiza6on.+They+have+a+cataly6c+domain+in+their+CKterminal+end.+Their+NKterminal+end+

consists+ in+ a+NLS+ domain,+ and+ in+ binding+ domains+ for+ CtBP,+MEF2,+ 14K3K3,+ unique+ characteris6c+

differen6a6ng+them+from+other+HDACs+ (Berthos*and*al.,*2001).+Moreover+HDAC5+also+has+a+NES+

domain.+ They+ all+ have+ the+ ability+ to+ interact+with+ coKrepressor+ complex+ like+ SMRT+ /+NCoR.+ They+

were+par6cularly+described+for+their+interac6on+with+the+MEF2+factor,+which+plays+a+crucial+role+as+

a+ DNAKbinding+ protein+ in+ muscle+ differen6a6on* (McKinsey* and* al.,* 2001).+ The+ analysis+ of+ this+

process+ allows+ a+ beqer+ understanding+ of+ their+ shuqling+ between+ the+ nucleus+ and+ cytoplasm+

(Figure)18).++

Figure)18:)Shukling)of)HDAC4/5/7)during)muscle)differen;a;on.+de*Ruijter*and*al.,*2003+

The+ interac6on+ between+ HDAC4/5/7+ and+ MEF2+ in+ the+ nucleus+ will+ induce+ its+ repression+ and+

therefore+a+block+in+muscle+differen6a6on.+The+CAMK+will+help+to+inhibit+and+disrupt+the+complex+

HDAC+ /+MEF2+ due+ to+ the+ HDAC+ phosphoryla6on.+ The+ export+ of+ HDACs+ is+ done+ via+ the+ cellular+
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Figure 3 Schematic depiction of the different isoforms of HDAC

Bars depict the length of the protein. The catalytic domain is shown in blue. Note that HDRP does not possess any deacetylase activity. Black depicts a NLS. N, N-terminus, C, C-terminus. For
further details, see [1,38,40,41,43,46,48–50,54,60,67,72,73,76,125].
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Figure 4 Localization of HDACs

The nucleus is depicted in blue. 14-3-3 protein (red) can retain HDAC4/5 or HDAC7 in the cytoplasm when they are phosphorylated. CaMK (green) is involved in nuclear export via the
calcium/calmodulin signalling pathway. Subcellular localization of (A) class I HDACs and (B) class II HDACs is shown. (C) Shuttling of HDAC4, HDACs5 and HDACs7 during muscle differentiation.
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export+ factor+CMR1.+HDAC4+ is+maintained+ in+the+cytoplasm+by+ interac6on+with+the+14K3K3+ factor+

(Guenther* and* al.,* 2001,* Andreucci* and* al.,* 2002;* McKinsey* and* al.,* 2000).) Interes6ngly,+

HDAC4/5/7+can+make+the+connec6on+between+HDAC3KSMRT+/+NCoR.+Thus+they+show+a+capacity+to+

fineKtune+ the+ gene+ repression+ func6on+ change+ of+ loca6on+ dependent+ s6muli+ (Fischle* and* al.,*

2002).+ HDAC9+has+ its+ cataly6c+ domain+ at+ the+NKterminal.+ Various+ splicing+ variants+ are+ described+

(HDAC9a+ /+ b+ /+ c),+ but+ others+ are+ suspected.+ Like+ the+ other+members+ of+ the+ class+ IIa,+ it+ has+ the+

ability+ to+ interact+with+MEF2,+ indica6ng+an+ important+ role+ in+ the+differen6a6on+of+muscle+ (Zhou*

and*al.,*2001;*Zhou*and*al.,*2000).*

Class#IIb#

HDAC6+has+two+cataly6c+domains+in+tandem+and+a+ubiqui6n+binding+domain.+It+is+mostly+found+in+

the+cytoplasm.+It+can+target+the+tubulin+and+therefore+has+an+important+role+in+the+regula6on+ +of+

tubuleKdependent+cell+mo6lity+(Hubbert*and*al.,*2002).+HDAC10+has+a+complete+cataly6c+domain+in+

NKterminal+ and+ a+ second+ incomplete+ and+ inac6ve+ in+ CKterminal.+ It+ has+ two+ RbKbinding+ protein+

domain,+which+ can+ confer+ on+ it+ a+ role+ in+ cell+ cycle+ regula6on.+ It+was+ described+ to+ interact+with+

many+HDACs+except+HDAC6*(Fischer*and*al.,*2002;*Guardiola*and*al.,*2002;*Tong*and*al.,*2002).+

Class)IV)

HDAC11+has+phylogene6c+homology+with+the+HDAC+from+class+I+and+II+and+has+a+cataly6c+domain+in+

NKterminal.+ It+has+not+been+described+for+ its+ interac6on+with+coKrepressor+complex+ (Gao*and*al.,*

2002).*

2.3. Role*of*HDAC*

Acetyla6on+ was+ the+ first+ postKtransla6onal+ modifica6on+ of+ histones+ to+ be+ iden6fied+ and+

characterized.+50+years+ago,+Allfrey+and+colleagues+made+the+discovery+of+the+role+of+HDAC+in+the+

regula6on+of+gene+expression+(Allfrey*and*al.,*1964).+The+regulatory+network+of+the+HDAC+involves+

(Ropero*and*al.,*2007;*Li*and*al.,*2014):+

K They+can+repress+the+transcrip6on+through+the+stabiliza6on+of+the+DNA/histones+interac6on+

K Their+ ability+ to+ form+ coKrepressor+ complex+ allowing+ them+ to+ recruit+ histone+modifiers+ and+

therefore+to+regulate+the+chroma6n+based+process.+

K They+can+regulate+nonKhistone+protein,+like+transcrip6on+factors+(p53,+E2F).+
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Role)of)cocrepressor)complex)

HDACs+ are+ part+ of+ coKrepressor+ complex+ (mSin3,+ NCoR+ and+ SMRT).+ The+ forma6on+ of+ these+

complexes+will+ allow+HDACs+ to+ be+ directed+ at+ specific+ genomic+ regions+ by+ interac6ng+with+DNA+

binding+ factor+ such+ as+ transcrip6on+ factors,+ nuclear+ receptors+ and+ epigene6c+ modifiers+ (MBD+

DNMT+ and+ HMT)+ (Glass* and* al.,* 2000).+ HDACs+ thus+ allow+ through+ their+ deacetylase+ ac6vity+ to+

stabilize+ the+ silencing+ of+ certain+ genes+ introduced+ by+ DNA+methyla6on+ for+ example.+ The+ DNMT+

have+been+described+for+their+ability+to+recruit+HDACs+at+the+methylated+DNA.+Indeed,+dele6on+of+

DNMT1+ in+ cancer+ cells+ leads+ to+ an+ increase+ in+ H3+ acetyla6on+ and+ reduced+ methyla6on.+

Furthermore+a+loss+in+interac6on+between+HDAC+and+the+heterochroma6n+protein+(HP1)+with+H3+is+

observed*(Espada*and*al.,*2004).+HDAC2+is+involved+in+neuronal+differen6a6on+by+direct+interac6on+

with+ DNMT3b;+ treatment+ of+ PC12+ cells+ with+ a+ HDAC+ inhibitor+ allows+ a+ decrease+ in+ the+

differen6a6on+while+overexpression+of+DNMT3b+promotes+differen6a6on*(Bai*and*al.,*2005).)

Nonchistone)protein)substrates)

HDACs+ have+ the+ ability+ to+ target+more+ than+ finy+ nonKhistone+ proteins.+ The+ first+ acetylated+ nonK

histone+ protein+ to+ have+ been+ characterized+ is+ p53* (Yao* and* al.,* 2011).+ Since+ then,+ many+

transcrip6on+factors,+as+well+as+cytosolic+proteins+have+been+described+as+referenced+in+the+table+

below+(Table+1).+

Table)1:)Nonchistone)proteins,+according+to+Zhang*and*al.,*2014b.+

Depending+on+their+nonKhistone+target+HDAC+will+have+a+role+in+the+DNA+binding+of+the+protein,+the+

protein+/+protein+interac6on,+the+protein+stability+and+the+protein+transloca6on+(Kim*and*al.,*2003).+

For+ example,+ the+ interac6on+ of+ the+ tumor+ suppressor+ Re6noblastoma+ (Rb)+with+ HDAC1+ /+ 2+will+

allow+ the+ repression+ of+ promoters+ containing+ E2F,+ Rb+ being+ itself+ directly+ recruited+ by+ the+ E2F+

Classe HDACs Subcellular)localisa;on Nonchistone)proteins

I

HDAC1+
HDAC2+
HDAC3+
HDAC8

Nucleus

p53,+STAT1,+YY1,+ERa,+SP1,+MyoD,+E2FK1+
STAT3,+YY1+

SRY,+STAT3,+YY1,+SHP,+GATA1,+GATA2,+RelA+
—

IIa

HDAC4+
HDAC5+
HDAC7+
HDAC9

Nucleus+/+cytoplasm+

GATA1+
GATA1+
—+
—

IIb HDAC6+
HDAC10

Cytoplasm+
Nucleus+/+Cytoplasm

SHP,+αKTubuline,+Hsp90+
—

IV HDAC11 Nucleus+/+cytoplasm —
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protein+and+thus+modulate+the+G1+/+S+transi6on+of+the+cell+cycle+(Luo*and*al.,*1998).+HDACs+have+

also+the+ability+to+interact+with+nuclear+receptors+such+as+estrogen+receptor+(ER).+HDAC1+interacts+

strongly+with+ER,+which+ leads+to+the+repression+of+ its+ac6vity+ in+absence+of+estrogen+through+the+

inhibi6on+of+ its+ target+gene+ transcrip6on* (Kawai*and*al.,* 2003).+ Furthermore,+acetyla6on+of+p53+

can+stabilize+the+protein+by+preven6ng+its+ubiqui6na6on+on+the+same+lysine+residues.+The+complex+

HDAC1/NuRD+ causes+ the+deacetyla6on+of+ p53+ and+ therefore+ its+ degrada6on+by+ the+proteasome+

(Juan*and*al.,*2000;*Luo*and*al.,*2000).+A+genomeKwide+analysis+of+acetylated+proteins+highlighted+

their+ role+ in+ many+ biological+ processes+ such+ as+ prolifera6on,+ apoptosis,+ differen6a6on+ and+

angiogenesis*(Choudhary*and*al.,*2009).++

2.4. Therapeu-cal*interest*of*HDAC*inhibitors*treatment*in*cancer*

The+interest+in+HDAC+has+been+growing+the+last+few+years+for+two+reasons*(Minucci*and*al.,*2006):+

a. Their+ expression+ has+ been+ linked+ to+ carcinogenesis.+ Indeed,+ an+ altera6on+ in+ HDAC+

expression+is+observed+in+numerous+hematological+malignancies+and+solid+tumors.+

b. They+are+of+interest+in+cancer+therapy+in+view+of+their+reversible+ac6vity+with+the+use+of+an+

HDAC+inhibitor+(HDACi).+

Fraga+et+al.+have+reported+a+loss+in+acetyla6on+of+the+histone+H4K16+and+trimethyla6on+H4K20+at+

repeated+DNA+sequences+of+tumor+cells+in+early+stage+in+tumorigenesis*(Fraga*and*al.,*2005).+This+

early+ epigene6c+ modifica6on+ represents+ a+ cancer+ signature.+ Hypoacetyla6on+ in+ colon,+ breast,+

ovarian,+stomach+cancer+is+observed.+The+level+of+histone+hypoacetyla6on+is+correlated+with+tumor+

ini6a6on.+Two+hypotheses+are+possible+to+explain+this+process,+the+altera6on+of+the+expression+of+

HAT+by+inac6va6ng+muta6ons+or+chromosomal+transloca6on+and+an+aberrant+expression+of+HDACs,+

which+is+developed+in+the+following+sec6on+(Ropero*and*al.,*2007).+

HDAC)and)cancer)

The+architectural+model+for+the+involvement+of+HDACs+in+cancer+is+the+acute+promyelo6c+leukemia+

(APL).+100%+of+pa6ents+with+APL+exhibit+ fusion+proteins+with+the+re6noic+acid+receptor+(RAR),+as+

RARKPML+(promyelo6cy6c+leukemia)+and+RARKPLZF+(PMLKzinc+finger).+Under+normal+condi6ons,+in+

the+ absence+ of+ re6noic+ acid+ (RA),+ the+ RAR+ is+ present+ on+ its+ response+ elements+ with+ HDAC+ to+

repress+transcrip6on+its+target+genes.+In+the+presence+of+RA,+there+is+a+disrup6on+of+the+complex+

RAR+/+HDAC+and+a+transcrip6onal+ac6va6on+of+its+target+genes+(Lin*and*al.,*2001).+Fusion+proteins+

allow+the+stabiliza6on+of+the+RAR+/+HDAC+complex+regardless+of+the+presence+in+RA,+as+well+as+the+

recruitment+of+other+factors+involved+in+chroma6n+remodeling+such+as+DNMT+and+HMT.+One+of+the+

major+reported+effects+is+the+degrada6on+of+p53,+because+of+its+hypoacetyla6on+and+therefore+its+
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instability,+promo6ng+tumor+development.+HDAC+therefore+plays+a+cri6cal+role+ in+establishing+the+

tumor+phenotype.+Thereaner,+ the+altered+expression+of+ certain+HDACs+was+put+ forward+ in+many+

solid+tumors.+For+example,+overexpression+of+HDAC1+is+observed+in+tumors+such+as+gastric,+breast,+

prostate+ cancer+ and+ correlated+ with+ poor+ prognosis+ (Choi* and* al.,* 2001;* Zhang* and* al.,* 2005;*

Halkidou* and* al.,* 2004).+ However,+ the+ expression+ of+ HDAC1/3+ is+ correlated+ with+ that+ of+ the+

estrogen+ and+ progesterone+ receptor+ in+ breast+ cancer,+ which+ contribute+ to+ their+ interest+ as+ an+

independent+marker+of+prognosis*(Krusche*and*al.,*2005).+The+expression+of+HDAC8+is+increased+in+

a+cancer+specific+manner,+as+in+the+childhood+neuroblastoma+and+correlates+with+a+poor+prognosis+

and+ survival+ for+ the+pa6ent+ (Oehme*and*al.,* 2009).+ In+ view+of+ these+ factors,+ the+ contribu6on+of+

HDACs+in+carcinogenesis+has+been+studied+(Figure)19).+

Figure)19:)HDAC)family)members)control)hallmarks)of)cancer)cell)biology.+Selec6ve+targe6ng+of+

individual+ HDACs+ cause+ differen6a6on,+ apoptosis,+ cell+ cycle+ inhibi6on,+ inhibi6on+ of+ migra6on,+

suscep6bility+to+chemotherapy+and+an6Kangiogenesis.+Wi^*and*al.,*2009+

HDAC)inhibitors)

Involvement+of+HDAC+in+carcinogenesis+together+with+the+reversibility+of+their+ac6ons+makes+them+

good+ therapeu6c+ candidates.+ HDAC+ inhibitors+ (HDACi)+ have+ shown+ cytotoxic+ effects+ in+ a+ broad+

range+of+ tumor+ cells.+Many+natural+or+ synthe6c+HDAC+ inhibitors+have+been+developed.+They+are+

�64

showed a statistically significant difference in relapse-free
survival and overall survival in favor of the HDAC6-positive
group and HDAC6 expression was an independent prog-
nostic indicator [76].

4.3.3.2. HDAC6 function. HDAC6 overexpression leads to
increased migration of embryonic fibroblasts. Specific inhi-
bition of HDAC6 reduced migration of fibroblasts, but did
not alter cell cycle progression [77]. Targeted inhibition
of HDAC6 leads to acetylation of HSP90 and disruption of
its chaperone function, resulting in depletion of progrowth
and prosurvival client proteins, including the Bcr-Abl onco-
protein in K562 leukemic cells [78]. HDAC6 was found to
play a role in epidermal growth factor (EGF)-induced nu-
clear localization of b-catenin and subsequent c-myc acti-
vation in colon carcinoma cells [79]. HDAC6 (and HDAC4)
were shown to bind to and regulate HIF-1a transcriptional
activity and targeting of these HDACs could therefore be a
means of tumor anti-angiogenesis [71]. Knockdown of
HDAC6 (and HDAC10) via siRNA transfection induced
depletion of VEGFR1 or VEGFR2 proteins and may play a
role in HSP-mediated proteasomal degradation of VEGFRs
in anti-angiogenesis [80]. Very recently, HDAC6 was
shown to be involved in epithelial-mesenchymal transition
of lung carcinoma cell metastasis in vitro by influencing the
TGF-b SMAD3 cascade [81].

Thus, HDAC6 is a good example for an HDAC family
member regulating multiple cancer-relevant cell biological
function, which is non-epigenetic in nature.

4.3.3.3. HDAC10. Expression of HDAC10 in cancer samples
has not been reported to data. Knockdown of HDAC10 (and
HDAC6) reduces VEGF receptor 1 and 2 expression in can-
cer cells and it was suggested that these HDACs play piv-
otal roles in heat shock protein 90-mediated proteasomal
degradation of vascular endothelial growth factor recep-
tors [80].

4.3.4. Class IV HDAC
4.3.4.1. HDAC11. No published data on HDAC11 expression
in tumor tissues and its cellular function is available.

Taken together, expression of specific HDAC family
members was correlated with cancer progression and pa-
tient survival in several entities. Although most initial
studies included only small number of patient samples, re-
cent papers involved 100 or more specimen providing sta-
tistically significant data. The functional experiments
based on selective knockdown of individual HDACs
through RNA interference in cell culture models demon-
strate that HDACs are involved in regulating hallmarks of
cancer cell biology such as cell cycle, differentiation, apop-
tosis, but also migration, invasion and angiogenesis.

Fig. 1. HDAC family members control hallmarks of cancer cell biology. Selective targeting of individual HDACs cause differentiation, apoptosis, cell cycle
inhibition, inhibition of migration, susceptibility to chemotherapy and anti-angiogenesis. See text for further information and references.

14 O. Witt et al. / Cancer Letters 277 (2009) 8–21



classified+according+to+their+structure+and+allow+the+inhibi6on+of+HDAC+class+I+and+II+by+compe66on+

with+the+Zn2++ion+cri6cal+for+the+enzyme+ac6vity.+A+dozen+of+them+are+currently+in+clinical+trials,+but+

only+ the+ SAHA+ (Vorinostat)+ is+ FDA+ approved+ for+ the+ treatment+ of+ cutaneous+ TKcell+ lymphoma+

(CTCL).+Furthermore+many+studies+have+been+carried+on+the+combina6on+of+HDACi+with+cytotoxic+

agents+such+as+pla6num+salt,+ taxane,+ topoisomerase+ inhibitors,+and+also+with+methyltransferases+

inhibitors,+ showing+ synergis6c+ effects+ of+ the+ combina6on+ of+ different+ drugs+ (Marchion* and* al.,*

2007;*Chueh*and*al.,*2014;*Liu*and*al.,*2006).+Among+the+most+cited+HDACi,+there+are:+

K ShortKchain+faqy+acid+:+Valproic+acid+(VPA),+sodium+butyrate+(NaB)+

K Cyclic+tetrapep6de+:+Depsipep6de+

K hydroxamic+acid+:+SAHA,+Trichosta6n+A+(TSA),+LAQ824+

K Benzamide+:+MS275+

Generally,+ the+HDACi+ lead+ to+an+overall+ increase+ in+histone+and+ transcrip6on+ factors+ acetyla6on,+

but+ they+ also+ allow+ the+ decondensa6on+ of+ the+ chroma6n.+ They+ have+ the+ ability+ to+ modulate+

various+ biological+ processes+ such+ as+ cell+ cycle+ arrest,+ inhibi6on+ of+ growth,+ differen6a6on+ and+

apoptosis+ implicated+ in+ the+ carcinogenesis.+ In+ the+ following+ sec6on+ I+ became+ interested+ in+ the+

impact+ of+ HDAC+ in+ these+ different+ pathways+ involved+ in+ cancer,+ allowing+ an+ overview+ of+ the+

therapeu6c+value+of+HDACi.+

Apoptosis#

HDAC1/2+have+been+described+ for+ their+ role+ in+ the+ regula6on+of+apoptosis.+ Indeed,+ inhibi6on+of+

HDAC1/2+by+SAHA+and+TSA+treatment+of+colon+cancer+cells+allows+the+induc6on+of+p53Kdependent+

apoptosis+ through+ hyperacetyla6on+ and+ therefore+ stabiliza6on+ of+ p53.+ The+ HDACi+ allows+ the+

induc6on+ of+ some+ proKapopto6c+ gene+ (BAX,+ PUMA)+ and+ the+ reduc6on+ of+ an6Kapopto6c+ genes+

(BCL2)+(Medina*and*al.,*1997;*Sawa*and*al.,*2001).+

DNA#damage#repair##

HDACs+ have+ an+ important+ role+ in+ chroma6n+ remodeling,+ especially+ in+ the+ repair+mechanisms+of+

DNA+ damage+ via+ the+ direct+ regula6on+ of+ repair+ proteins.+ They+ are+ involved+ in+ the+ current+

chemotherapy+resistance+mechanisms+by+promo6ng+repair+of+DNA+damage.+HDAC1/2+are+ac6vely+

recruited+at+the+DNA+lesions+to+promote+their+repair+via+ATM.+The+dele6on+of+HDAC1/2+allows+to+

sensi6ze+ tumor+ cells+ to+ chemotherapy.+ Similarly+ dele6on+ of+ HDAC3+ and+ HDAC4+ reduces+ DNA+

damage+repair+(Miller*and*al.,*2010;*Bhaskar*and*al.,*2010).+Indeed,+HDAC4+is+involved+in+cispla6n+

resistance+in+ovarian+cancer+cells+by+allowing+the+ac6va6on+of+STAT1+and+thus+the+ac6va6on+of+DNA+

repair+(Stronach*and*al.*2011).*
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Cell#cycle#control#

HDACs+are+key+ regulators+ in+ the+DNA+ replica6on.+They+ can+ regulate+ the+ cyclinKdependent+kinase+

(CDK),+important+checkpoint+of+the+cell+cycle.+In+addi6on+as+previously+described+HDAC1+/+2+have+

the+ability+to+modulate+the+transi6on+from+the+G1+/+S+phase+by+the+interac6on+with+the+Rb+factor,+

while+TSA+treatment+abrogates+this+repression+(Brehm*and*al.,*1998;*Luo*and*al.,*1998).+Moreover+

HDAC4+has+a+dual+role+in+regula6ng+p21,+a+key+factor+in+cell+cycle+arrest+mediated+by+p53.+Indeed+in+

colonic+ crypts+HDAC4+ interacts+with+ SP1+ for+ the+ transcrip6onal+ repression+of+ p21+ and+Bax+ (an6K

apopto6c+factor)+promo6ng+survival+and+cell+prolifera6on.+In+contrast,+in+response+to+the+stress+of+

DNA+damage,+p53+has+the+ability+to+recruit+HDAC4+to+induce+the+expression+of+p21+and+thus+DNA+

repair+(Mo^et*and*al.,*2009;*Wilson*and*al.,*2008).)

Autophagy#

Autophagy+is+a+process+of+selfKdegrada6on+of+unnecessary+or+dysfunc6onal+cellular+components+via+

the+lysosome+machinery+that+can+be+regulated+by+HDAC.+HDAC6+and+HDAC10+have+been+described+

to+promote+autophagy+and+thus+allow+cell+survival+in+response+to+chemotherapy+(Lee*and*al.,*2010;*

Oehme*and*al.,*2013).+

Metabolism#and#senescence#

HDAC1+has+the+capacity+to+regulate+AMPK,+a+metabolic+sensor+and+enable+its+ac6va6on+(Lin*and*al.,*

2012).+Dele6on+of+HDAC3+allowed+to+highlight+its+involvement+in+the+regula6on+of+genes+involved+

in+ faqy+ acid+ metabolism,+ in+ the+ use+ of+ glucose,+ oxida6on+ and+ phosphoryla6on+ through+ the+

ac6va6on+of+PPARγ+and+the+mTOR+pathway+(Fajas*and*al.,*2002;*Knutson*and*al.,*2008).+

Chaperone#func,on#

HSP90+ is+ described+ to+ favor+ structural+ matura6on+ of+ proteins+ and+ to+ protect+ them+ against+

proteosomal+degrada6on.+ Its+deacetyla6on+by+HDAC6+enables+ its+func6on+in+tumor+cells+through+

the+ protec6on+ of+ the+ VEGF+ receptors,+ VEGFR1/2* (Kovacs* and* al.,* 2005;* Bali* and* al.,* 2005).+

Moreover,+HSP90+ is+ known+ to+have+ the+ability+ to+ interact+with+ the+p53+mutant+and+ some+ fusion+

proteins+ (leukemia+ characteris6c)+ and+ thus+ prevent+ their+ degrada6on+ (Yang* and* al.,* 2006).+ This+

interac6on+is+decreased+with+the+depsipep6de+treatment*(Yu*and*al.,*2002).+

Angiogenesis#

HDACs+ play+ an+ important+ role+ in+ angiogenesis+ through+ regula6on+ of+ hypoxia+ factors+ HIF1A+ and+

VEGF.+Their+ recruitment+ is+dependent+on+cellular+contexts+ like+hypoxia,+hypoglycemia+and+serum+

starva6on.+ HDAC4/6+ have+ the+ ability+ to+ interact+ with+ HIF1A+ and+ prevent+ its+ proteosomal+
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degrada6on+by+inhibi6ng+its+interac6on+with+VHL+protein,+an+E3Kubiqui6nase+(Qian*and*al.,*2006).+

The+forma6on+of+HDAC7+/+HIF1A+complex+allows+its+transloca6on+to+the+nucleus+and+ac6va6on+of+

its+ target+genes+ (Kato*and*al.,*2004).+HDACi+ treatment+allows+the+decrease+of+neovascularisa6on+

(Depsipep6de,+SAHA)+(Kwan*and*al.,*2001).*

Limits)and)outlooks)for)HDACi)

Only+a+small+percentage+of+gene+(between+0.5+and+20%)+is+affected+at+the+transcrip6onal+ level+ in+

response+to+the+HDACi.+Furthermore,+only+a+limited+number+of+developed+HDACi+have+shown+a+real+

interest+in+early+clinical+trials.+This+lack+of+significant+response+may+be+explained+by+the+inclusion+of+

pa6ents+with+advanced+refractory+tumors+pretreated+with+intensive+chemotherapies.++

Marchion+ have+ highlighted+ three+ issues+ that+ remain+ unresolved+ to+ help+ improve+ therapies+with+

HDACi+(Marchion*and*al.,*2007):+

a. Which+HDAC+is+important+in+the+biological+effects+observed+in+response+to+HDACi?+

b. Does+more+than+one+HDAC+contributes+to+an+individual+effect+as+what+has+been+described+with+

HDAC1+/+2+and+the+capacity+of+HDAC3+to+form+coKrepressor+complex?+

c. Does+HDACs+have+redundancy+in+their+func6on?+

The+HDACi+are+panKinhibitors+against+the+class+I+and+II,+but+each+has+a+greater+affinity+for+one+or+the+

other+ HDACs.+ For+ example,+ the+ TSA+ preferen6ally+ inhibits+ HDAC1/3/8,+ whereas+ the+ VPA+mainly+

target+ HDAC1/2.+ Thus+ the+ level+ of+ expression+ of+ HDAC+ will+ dictate+ the+ sensi6vity+ of+ tumors+ to+

treatment.+This+idea+is+supported+by+the+study+of+Ropero+with+the+HDAC2+muta6on+in+colon+cancer+

cells,+which+exhibit+a+response+to+TSA+but+not+to+VPA+(Ropero*and*al.,*2007).+Thus,+lack+of+cellular+

markers+to+predict+the+effect+of+the+drug+leads+to+an+arbitrary+selec6on+of+pa6ents+and+therefore+

nonKobjec6ve+for+clinical+benefits.+
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3.The)microRNA)pathway)
MicroRNAs+ (miRNAs)+are+ small+noncoding+ singleKstranded+RNA+of+22+nucleo6des+ in+ length.+They+

have+ the+ ability+ to+ target+ the+ 3+ 'UTR+ region+ of+ some+ messenger+ RNAs+ (mRNA)+ to+ inhibit+ their+

transla6on.+This+mechanism+is+highly+conserved+across+species+(Selbach*and*al.,*2008;*Lim*and*al.,*

2005).+The+first+miRNA+being+described+in+C.*elegans+is+LinK4+by+Lee+and+colleagues+in+1991+for+his+

involvement+in+the+developmental+process+(Lee*and*al.,*1991).+Currently,+more+than+2,500+humans+

miRNAs+have+been+described+according+ to+ the+miRBase+database+ (Kozomara*and*GriffithsUJones,*

2014).+Each+miRNA+induces+postKtranscrip6onal+repression+of+dozens+or+even+hundreds+of+mRNA.+

This+is+explained+by+the+presence+of+a+highly+conserved+recogni6on+sequence+of+mRNA+in+5‘+ends+of+

miRNAs+(the+seed+sequence,+2+to+7+nucleo6des).+Thus,+about+60%+of+proteinKcoding+genes+have+the+

capacity+ to+ be+ regulated+ by+ miRNAs* (Bartel* and* al.,* 2009).+ Olena+ describes+ the+ genomic+

organiza6on+of+genes+encoding+microRNAs+(Olena*and*al.,*2010):+

K Within+a+proteinKcoding+gene,+the+sequence+encoding+for+one+or+more+miRNA+is+ located+ in+an+

intron+and+processed+aner+splicing.+In+this+case,+the+transcrip6on+is+dependent+on+the+host+gene+

promoter.+However,+several+transcrip6on+star6ng+site+are+described+for+miRNAs+highligh6ng+the+

possibility+of+a+dis6nct+promoter+for+intronic+miRNAs.+

K Exclusive+gene+encoding+one+or+more+miRNA+(then+forming+a+cluster)+and+under+the+control+of+

its+own+promoter.+

K More+rarely,+the+sequence+encoding+a+miRNA+covers+both+ intron+and+exon+of+a+host+gene,+the+

matura6on+process+remains+unclear+at+this+6me+(Rodriguez*and*al.,*2004).+

The+ study+ of+ the+ func6onal+ organiza6on+ of+ the+ genome+ revealed+ that+more+ than+ a+ third+ of+ the+

genes+encoding+miRNA+are+clustered* (GriffithsUJones*and*al.,*2008).+These+clusters+thus+encode+a+

very+ long+ transcript+ (up+ to+ 1+ kb),+ which+ aner+ its+ matura6on+ produce+ several+ different+ miRNA+

sequences.+ The+ miRK100+ /+ letK7+ /+ miRK125+ miRNA+ cluster+ was+ the+ first+ one+ described+ for+ their+

common+ac6on+in+animals+bilateral+development+(Ha*and*al.,*2014).+According+to+Yuan,+miRNAs+in+

the+same+cluster+will+target+member+of+the+same+func6onal+protein+group*(Yan*and*al.,*2009).+

3.1. Biogenesis*of*miRNA*

Lee+et+al.+showed+that+transcrip6on+of+miRNAs+is+mainly+dependent+of+the+RNA+polymerase+II+(Pol+

II)+(Lee*and*al.,*2004).+Biogenesis+of+miRNAs+involves+two+steps:+a+nuclear+and+cytoplasmic+process+

of+the+precursor+by+two+ribonuclease+III+endonucleases,+Dicer+and+Drosha+(Figure)20).+
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Figure)20:)miRNA)biogenesis.)Winter*and*al.,*2009+

)

Nuclear)step)process)

The+transcrip6on+of+genes+coding+for+miRNAs+leads+to+the+forma6on+of+a+first+long+precursor,+the)

pricmiRNA,+with+a+local+stem+loop+containing+the+mature+miRNA+sequence,+and+two+single+strand+

RNA+ in+ the+ 5'+ and+ 3’+ end+ (Bartel* and* al.,* 2004).+ The+ priKmiRNA+ will+ be+ cleaved+ by+ the+

microprocessor+composed+of+the+RNase+III+Drosha,+and+DGRC8++(DiGeorge+syndrome+cri6cal+Region+

8)+involved+in+the+recogni6on+of+doubleKstrand+RNA+(dsRNA).+A+cross+regula6on+between+the+two+

partners+ is+ observed.+ DGRC8+ has+ the+ ability+ to+ stabilize+ Drosha+ by+ proteinKprotein+ interac6on.+

Conversely,+ Drosha+ is+ able+ to+ downregulate+ DGRC8.+ The+ germline+ Drosha+ and+ /+ or+ DGRC8+

deficiency+ induces+early+embryonic+ lethality,+demonstra6ng+ their+ importance+ in+development.+ In+

human,+ genomic+ dele6on+ of+ DGRC8+ leads+ to+ a+ neurological+ disorder,+ the+ DiGeorge+ syndrome.+

DGRC8+ will+ therefore+ allow+ the+ recogni6on+ of+ dsRNA+ posi6oning+ Drosha+ for+ its+ endonuclease+

ac6vity+(MacFarlane*and*al.,*2010).+Cleavage+of+the+priKmiRNA+will+allow+the+release+of+the+stem+

loop+structure+and+ the+ forma6on+of+ the+precmiRNA+hairpin+precursor+of+60K70+nucleo6des+ (Han*

and* al.,* 2006).+ The+ preKmiRNA+will+ be+ translocated+ into+ the+ cytoplasm+ by+ an+ ac6ve+mechanism+
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involving+the+RanKGTP+/+Expor6n+5+(EXP5)+complex+(Lund*and*al.,*2004).+In+addi6on+to+allowing+its+

export+ EXP5+ provides+ protec6on+ of+ the+ preKmiRNA+ against+ nucleoly6c+ aqacks.+ Modula6ng+ the+

export+of+precursor+EXP5+ is+a+ key+ step+ in+ the+ regula6on+of+miRNA+biogenesis+ (Bohnsack*and*al.,*

2004;*Zeng*and*al.,*2004).+

Cytoplasmic)step)process)

The+preKmiRNA+is+recognized+by+Dicer,+another+RNase+III.+It+will+allow+the+cleavage+of+the+precursor+

at+ its+ terminal+ loop+and+thus+the+genera6on+of+an+RNA)duplex+of+about+twenty+nucleo6des* (Lee*

and*al.,*2003).+The+preKmiRNA+processing+complex+ is+composed+of+Dicer,+TRBP+(TAR+RNAKBinding+

protein)+and+PACT.+TRBP+modulates+the+process+efficiency+of+the+preKmiRNA+by+Dicer+and+increase+

its+ stability.+ TRBP+ and+ PACT+will+ serve+ as+mediators+ for+ the+ associa6on+ of+ the+DicerKRNA+ duplex+

complex+with+the+Argonaute+(Ago)+protein+family+(Chendrimada*and*al.,*2005;*Lee*and*al.,*2006).+

Moreover+ these+ two+ proteins+ can+ prevent+ the+ ac6va6on+ of+ PKR+ (Interferon+ induced+ dsKRNA+

ac6vated+protein+kinase+receptor)+by+the+presence+of+the+cytoplasmic+preKmiRNA+(Perron*and*al.,*

2008;*Lee*and*al.,*2006;*Rossi*and*al.,*2005a).+Aner+Dicer+cleavage,+the+RNA+duplex+is+dissociated,+

keeping+only+the+mature+strand+called+the+"guide"+strand+who+will+associate+with+one+of+the+four+

Ago+proteins+(Salzman*and*al.,*2007;*Robb*and*al.,*2007).+Dissocia6on+of+the+RNA+duplex+could+be+

done+ by+ Dicer+ and/or+ Ago,+ but+ others+ proposed+ the+ hypothesis+ of+ a+ combina6on+ of+ helicase+

proteins+ (yet+ to+be+characterized)+ to+the+processing+complex.+A+model+has+been+proposed+based++

on+work+performed+ in+Drosophila,+where+the+choice+ is+not+ random+but+ is+dependent+on+the+ less+

thermodynamically+stable+5‘+extremity+of+the+two+strands+(Khvorova*and*al.,*2003).+However,+some+

studies+also+showed+that+the+strand+selec6on+can+depend+on+the+cellular+or+6ssue+context*(Schwarz*

and*al.,*2003).+

There+are+4+Ago+proteins+described+ in+mammals+ (Ago1K4)+ (Höck*and*al.,* 2008).+ Pillai+ et+ al.+ have+

developed+a+model+in+which+the+Ago2+protein+is+fused+with+a+specific+recogni6on+sequence+(BKbox+

binding+site)+targe6ng+the+mRNA+of+luciferase+at+its+3'KUTR+region,+where+a+variable+number+of+BK+

box+binding+site+was+inserted+(Pillai*and*al.,*2004).+The+direct+interac6on+of+the+Ago2+protein+to+the+

3'KUTR+of+the+mRNA+by+the+BKBox+binding+site+leads+to+the+repression+of+the+luciferase+expression.+

Furthermore,+ this+ repression+ is+ propor6onal+ to+ the+ number+ of+ recogni6on+ sites+ inserted+ at+ the+

mRNA+level.+This+study+therefore+showed+that+this+ inhibi6ng+func6on+requires+the+binding+of+the+

Ago2+protein+to+the+mRNA+target+while+the+miRNA+appears+to+have+only+a+guiding+func6on+to+the+

target+mRNA.+
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Once+bound+to+its+target+RNA,+the+miRNA+K+Ago2+complex+recruits+a+third+protein:+GW182+(glycineK

tryptophan+ repeatKcontaining+ protein+ of+ 182+ kDa),+ forming+ the+ RNA+ induced+ silencing+ complex+

(RISC).+Indeed,+dele6on+of+GW182+and+inhibi6on+of+the+forma6on+of+the+Ago2+K+GW182+complex+

both+lead+to+a+lack+of+mRNA+transla6on+suppression+by+the+miRNAs+(Fabian*and*al.,*2012).+GW182+

is+a+major+component+of+the+PKbody,+an+essen6al+structure+for+the+func6onality+of+the+miRNAs.+The+

miRNA+will+therefore+guide+the+RISC+complex+at+the+3'UTR+end+of+its+target+mRNA,+where+it+is+fixed+

through+ its+ seed+ region.+ In+ some+cases,+ a+perfect+match+between+ the+miRNA+and+ its+ target+RNA+

allows+Ago2+to+cleave+the+mRNA+by+its+endonuclease+(slicer)+ac6vity.+In+the+case+of+a+nonKperfect+,+

seedKmediated,+match,+the+mRNA+transla6on+is+inhibited+during+the+ini6a6on+or+elonga6on+phase+

of+the+transla6on*(Bartel*and*al.,*2004;*Yekta*and*al.,*2004).+Inhibi6on+of+the+transla6on+may+also+

be+ the+ result+ of+ a+ spa6al+ separa6on+ of+ the+mRNA+with+ the+ transla6onal+machinery,+ resul6ng+ in+

sequestra6on+of+ the+mRNA+ in+ the+PKbody.+ In+addi6on+ to+ transla6on+ ini6a6on+ inhibi6on,+ there+ is+

another+ mechanism+ resul6ng+ in+ the+ downKregula6on+ of+ the+ targeted+mRNAs.+ Indeed,+ RISC+ can+

recruit+the+deadenyla6on+complex+formed+by+the+protein+CCR4+and+NOT.+mRNA+deadenyla6on+can+

lead+firstly+to+the+lineariza6on+of+the+mRNA,+which+therefore+loses+its+ability+to+be+translated+in+a++

capKdependent+manner.+ Secondly,+RISC+ recruits+decapping+enzymes+DCP2+and+DCP1+ that+ lead+ to+

the+degrada6on+of+ the+mRNA+by+ the+exoribonuclease+Xrn1* (Huntzinger*and*al.,* 2011).+ It+ is+ now+

known+that+the+two+mechanisms,+inhibi6on+of+transla6on+ini6a6on,+and+mRNA+decay,+are+coupled+

with+ the+ former+ happening+ first,+ followed+ by+ the+ later) (Bazzini* and* al.,* 2012,* Eichhorn* and* al.,*

2014). 

3.2. Implica-on*of*miRNA*in*cancerogenesis*

The+ regula6on+ of+ miRNAs+ has+ been+ heavily+ studied+ in+ recent+ years+ for+ their+ involvement+ in+

carcinogenesis.+ Indeed+in+view+of+the+number+of+their+target+mRNAs,+miRNAs+are+ involved+in+the+

majority+of+biological+processes+including+differen6a6on,+prolifera6on+and+apoptosis.+However,+it+is+

difficult+ to+determine+whether+miRNAs+ can+ cause+ and+promote+ the+development+of+ cancer+or+ if+

they+ are+ just+ a+ consequence+ of+ the+ perturba6ons+ associated+ with+ it* (Krek* and* al.,* 2005).+ An+

altera6on+of+the+transcrip6onal+machinery+of+miRNAs+is+generally+observed+in+cancers,+resul6ng+in+

an+overall+reduc6on+of+their+expression+correlated+with+poor+prognosis+(Hayes*and*al.,*2014).+

Biogenesis)Altera;on+

Biogenesis+ of+ miRNAs+ is+ a+ mechanism+ that+ is+ finely+ regulated,+ and+ its+ altera6on+ leads+ to+ the+

development+ of+ disease+ such+ as+ cancer+ and+ neurological+ disorder+ (DGRC8+ and+ DiGeorge+

Syndrome).+ The+processing+of+Drosha+ is+ controlled+by+many+RNAKbinding+protein+ such+as+p68+or+
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SMAD+(1K4)+and+RKSMAD.+The+bone+marrow+protein+(BMP)+has+the+ability+to+favor+the+interac6on+

of+RKSMAD+and+p68+and+thus+ increase+the+Drosha+processing+efficiency+ for+miRK21,+an+oncogene*

(Ha* and* al.,* 2014).+ The+ EXP5+ muta6on+ in+ some+ tumors+ leads+ to+ an+ overall+ decrease+ in+ the+

expression+ of+ miRNA+ (Melo* and* al.,* 2010).+ On+ the+ other+ hand,+ muta6ons+ in+ TRBP+ have+ been+

reported+ in+ many+ cancer+ causing+ destabiliza6on+ of+ Dicer+ and+ therefore+ a+ reduc6on+ in+ the+

matura6on+of+miRNAs+(Melo*and*al.,*2009).*

miRNA:)OncomiR)and)Tumor)suppressor)

Many+miRNAs+have+been+described+ to+be+either+ tumor+ suppressor+or+oncogenic+ (oncomiR).+ Like+

other+ genes+ involved+ in+ tumor+ ini6a6on+ and+ progression,+ miRNAs+ can+ be+ deregulated+ by+ the+

amplifica6on+ and+ dele6on+ of+ their+ sequence+ /+ promoter+ but+ also+ by+ epigene6c+ changes+ and+

transcrip6on+ factors+ (Hayes*and*al.,* 2014).+ Thus,+ there+ is+ a+decrease+ in+ the+expression+of+ tumor+

suppressor,+and+an+increase+of+the+expression+of+oncomiR.+The+miRK15/miRK16+cluster+was+the+first+

to+be+described+for+its+role+in+cancer+in+2002*(Calin*and*al.,*2002).+In+fact+it+is+frequently+deleted+in+

chronic+ lymphocy6c+leukemia+(CLL),+which+results+ in+an+increased+expression+of+their+target+gene+

Bcl2,+ an+ an6Kapopto6c+ factor.+ They+ also+ have+ a+ role+ in+ the+ chemosensi6vity+ of+ CLL+ tumors.+

Members+of+the+LetK7+family+are+also+frequently+altered+in+cancer+such+as+lung,+colon+and+pancreas+

cancer+(Johnson*and*al.,*2005).+They+have+the+ability+to+target+the+oncogenes+Ras+and+HMGA2+that+

have+a+role+in+the+transforma6on+and+prolifera6on+of+tumor+cells+(Bos,*1989).+Conversely,+miRK21,+a+

common+oncogenic+miRNA,+is+overexpressed+in+numerous+cancers+such+as+breast,+colon,+stomach+

cancer.+ It+ targets,+ among+ others+ genes,+ the+ tumor+ suppressor+ PTEN+ thereby+ affec6ng+ tumor+

growth,+but+also+the+ invasion+and+metasta6c+development.+Loss+of+PTEN+expression+ leads+to+the+

ac6va6on+of+the+Akt+pathway+and+thus+cell+survival,+but+also+allows+an+increase+of+the+FAK+factor+

involved+ in+cellular+mo6lity.+ In+addi6on+the+expression+of+miRK21+ is+correlated+with+ resistance+ to+

treatment+ of+ 5KFU+ in+ colon+ cancer* (Meng* and* al.,* 2007;* Zhu* and* al.,* 2008;* Park* and* al.,* 2002).+

Finally,+ an+ increase+ in+ miRK21+ 21+ and+ decrease+ in+ LetK7+ expression+ have+ been+ associated+ with+

clinical+outcome+in+colorectal+and+breast+cancer+(Pan*and*al.,*2010).++

Furthermore,+some+transcrip6on+factors+have+the+capacity+to+induce+the+expression+of+oncomiR.+In+

par6cular,+ cKmyc+ is+ known+ to+ induce+ the+expression+of+ the+miRK17/miRK92+ cluster,+which+ in+ turn+

modulates+E2F1+and+results+in+increased+tumor+development+(He*and*al.,*2005;*O’Donnell*and*al.,*

2005).)Similarly,+NFKkB+which+induces+the+expression+of+miRK146a+to+inhibit+the+signaling+pathway+

of+TLRs+and+thus+the+immune+response*(Taganov*and*al.,*2006).+
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Epigene;c)modifica;ons)and)miRNA)in)cancer)

As+ I+ have+ already+ men6oned,+ epigene6c+ modifica6ons+ such+ as+ DNA+ methyla6on+ and+ histone+

modifica6ons+ play+ a+ major+ role+ in+ cancer+ development.+ Recently,+ miRNAs+ have+ also+ been+

characterized+ as+ key+ actors+ in+ the+ epigenome+ regula6on+ (Chuang* and* al.,* 2007).+ Indeed,+ their+

important+ roles+ in+ the+ developmental+ process+ (for+ example+ LetK7)+ and+ determining+ cell+ iden6ty+

make+ them+ key+ players+ in+ the+ development+ of+ epigene6c+ phenotypes* (Saetrom* and* al.,* 2007).+

Different+teams+have+shown+that+miRNAs+were+involved+in+the+regula6on+of+both++DNA+methyla6on+

and+histone+acetyla6on+levels+in+the+establishment+of+cancer.+Maison+et+al.+showed+that+an+RNase+

treatment+could+inhibit+the+colocalisa6on+of+the+H3K9+methyla6on+with+HP1+at+the+pericentromeric+

chroma6n*(Maison*and*al.,*2002).+Moreover,+Fukagawa+et+al.+described+a+poten6al+implica6on+of+

Dicer+ in+ the+ forma6on+ of+ the+ heterochroma6n,+ although+ this+ was+ done+ in+ an+ ar6ficial+ setng+

(Fukagawa*and*al.,*2004).+Ago1+and+Ago2+may+also+be+involved+in+the+dimethyla6on+of+H3K9+and+

so+the+establishment+of+gene+silencing* (Kim*and*al.,*2006;*Janowski*and*al.,*2006).+Furthermore,+

many+ examples+ demonstrate+ that+miRNA+expression+ can+be+ controlled+ by+DNA+methyla6on+ and+

histone+ modifica6ons,+ such+ as+ their+ deacetyla6on,+ but+ especially+ miRNAs+ have+ the+ ability+ to+

modulate+ both+ mechanisms+ (Rusek* and* al.,* 2015).+ miRK127+ is+ the+ first+ miRNA+ to+ have+ been+

described+ for+ its+ epigene6c+ regula6on+ in+ cancer+ by+ Saito+ (Saito* and* al.,* 2006).+ Since+ this+ first+

reported+example,+over+45%+of+miRNAs+have+been+shown+to+be+regulated+at+the+epigene6c+level.+In+

many+cancers,+such+as+breast+cancer,+expression+of+miRK127+is+greatly+reduced+in+comparison+with+

the+ healthy+ 6ssue.+ It+ is+ involved+ in+ the+ development+ of+ apoptosis+ by+ allowing+ the+ inhibi6on+ of+

BCL6,+ an+ an6Kapopto6c+ factor.+ Treatment+ of+ cancer+ cells+ by+ 5KAzaKCdR+ (a+methyla6on+ inhibitor)+

combined+with+ an+HDACi+ allows+ to+ recover+ its+ expression+ (Egger*and*al.,* 2004).+ This+ experience+

highlights+the+involvement+of+the+CpG+island+hypermethyla6on+on+miRNA+promoters+with+a+tumor+

suppressor+ ac6vity+ and+ so+ their+ transcrip6onal+ repression.+ Interes6ngly,+ in+ the+ case+ of+ intronic+

miRNAs,+ CpG+ island+ upstream+ of+ their+ sequence+ are+ frequently+ found,+ hypothe6cally+

corresponding+ to+ their+ own+ promoter,+ and+ thus+ subjected+ to+ be+ controlled+ by+ methyla6on.+

Interes6ngly,+ in+ the+ case+ of+ intronic+miRNAs+ CpG+ island+ are+ frequently+ found+ upstream+ of+ their+

sequence,+hypothe6cally+corresponding+to+their+own+promoter+ (Lyle*and*al.,*2000;*Wutz*and*al.,*

1997).+Conversely,+ some+miRNA+with+oncogenic+ac6vity+exhibit+demethyla6on+of+ their+promoter.+

This+is+the+case+for+miRK196a,+which+surexpression+in+lung+cancer+correlates+with+advanced+clinical+

state+and+lymph+node+metastasis+development+(Rusek*and*al.,*2015).)

Furthermore,+ histone+ modifica6ons+ including+ the+ HDACs+ also+ play+ a+ role+ in+ suppressing+ the+

expression+of+miRNAs* (Swierczynski*and*al.,*2015).+For+example,+HDAC1+has+the+ability+ to+ inhibit+

transcrip6on+ of+ miRK34+ and+ miRK449a+ in+ prostate+ cancer+ (Noonan* and* al.,* 2009;* Nalls* and* al.,*
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2011).+miRK34+ is+ involved+ in+a+posi6ve+ feedback+ loop+with+p53+ in+ the+ control+of+p21+expression,+

important+ in+ cell+ cycle+ regula6on.+ Further+ evidence+ of+ the+ regula6on+ of+ miRNA+ by+ HDAC+ is+

repression+of+miRK183+by+HDAC2+in+neuroblastoma.+This+miRNA+targets+MYCN,+which+is+important+

in+the+establishment+of+an+invasive+phenotype+and+the+development+of+metastasis.+Treatment+with+

HDACi+ allows+ the+ overexpression+ of+ miRK183+ following+ the+ hyperacetyla6on+ of+ its+ promoter+

(Lodrini*and*al.,*2013).+Conversely+miRNAs+also+have+the+ability+to+regulate+these+two+mechanisms,+

called+the+epiKmiRNA.+The+DNMT+enzymes,+responsible+for+DNA+methyla6on,+are+predicted+miRNA+

targets.+Indeed,+the+miRK29+family+is+capable+of+inhibi6ng+the+transla6on+of+DNMT*(Rajewsky*and*

al.,* 2006).+ In+ lung+ cancer,+miRNAs+ from+ this+ family+ are+ onen+underKexpressed,+which+ allows+ the+

repression+of+many+tumor+suppressors.+The+miRK101+and+miRK138+target+EZH2,+a+member+of+the+

polycomb+repressive+complex,+ involved+in+H3K27+methyla6on.+Decrease+of+the+miRNA+expression+

in+ NSCLC+ (NonKSmall+ Cell+ Lung+ Cancer)+ causes+ the+ overexpression+ of+ EZH2+ and+ therefore+ an+

increase+in+cell+prolifera6on,+decreased+apoptosis+and+higher+metasta6c+development+(Cho*and*al.,*

2011;*Zhang*and*al.,*2013a).+Finally,+a+number+of+miRNAs+have+the+ability+to+target+different+HDACs+

as+ described+ in+ the+ review+ of+ Swiercynski+ (Swierczinski* and* al.,* 2015).+ His+ team+ referenced+ all+

ar6cles+ describing+ a+ direct+ or+ indirect+ interac6on+ between+ HDACs+ and+ miRNAs,+ iden6fying+ the+

target+ genes+ and+ the+ signaling+ pathways+ involved+ in+ the+ cancer.+ Part+ of+ their+ research+ is+

summarized+in+the+table+below+(Table+2).+

The+ involvement+ of+ miRNA+ in+ epigene6c+ changes+ especially+ with+ the+ emergence+ of+ those+

characterized+ for+ their+ oncogenic+ or+ tumor+ suppressor+ ac6vity+ make+ them+ good+ therapeu6c+

candidates+for+the+treatment+of+cancers.+
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Table)2:)Liste)of)HDACs)targeted)by)miRNA+adapted+from+Swiercynski*and*al,*2015+

Clinical)and)Therapeu;c)interest)

Lu+et+al.+ showed+ that+ the+miRNA+expression+profile+could+help+ to+classify+human+cancers,+beqer+

than+other+exis6ng+approaches.+Indeed+this+expression+profile+known+as+miRNA+signature+could+be+

useful+ in+ the+ diagnosis,+ prognosis,+ treatment+ response,+ to+ predict+ treatment+ efficiency+ and+

metasta6c+ development+ (Lu* and* al.,* 2005).+ This+ has+ already+ been+ established+with+ lung+ cancer,+

which+presents+a+unique+miRNA+expression+profile+allowing+to+define+the+prognosis+(Yanaihara*and*

al.,*2006).+Another+example+is+the+overKexpression+of+miRK21+in+colon+adenocarcinoma+inducing+a+

resistance+to+5KFU+treatment*(Sche^er*and*al.,*2008).+Moreover,+miRNAs+have+a+significant+interest+

in+these+areas+in+view+of+the+existence+of+circula6ng+miRNA+in+body+fluids+(plasma,+urine,+saliva).+

The+ presence+ of+ miRNA+ in+ these+ fluids+ is+ due+ to+ their+ secre6on+ in+ the+ extracellular+ milieu+ via+

exosomes.+ More+ generally,+ in+ fluids+ or+ biopsies+ miRNAs+ exhibit+ very+ good+ stability+ over+ 6me+

independently+of+the+technique+of+preserva6on+(room+temperature,+ freezing,+paraffin+fixa6on...).+

However,+protocols+s6ll+have+to+be+standardized+for+the+extrac6on+of+these+miRNA+and+the+use+of+

their+quan6fica6on+for+clinical+purposes+(Gaarz*and*al.,*2010;*Leidinger*and*al.,*2010;*Kanke*and*

al.,* 2009;*Michael* and* al.,* 2010).+ Nonetheless,+ the+ presence+ of+ oncomiR+ and+ the+ repression+ of+

tumor+ suppressor+ miRNAs+ indicate+ that+ modula6on+ of+ their+ expression+ has+ a+ real+ therapeu6c+

interest.+In+this+view,+many+molecules+have+been+synthesized+in+order+to+inhibit+the+expression+of+

miRNAs+with+the+use+of+specific+antagonist+such+as+antagomirs+(Krutzfeldt*and*al.,*2005).+An+in+vivo+

study+of+the+specific+inhibi6on+of+miRK122+in+a+model+of+hepa6c+metabolic+disease+was+performed.+

miRNA) HDAC Target Pathways Pathology

miRK34 HDAC1 p21 Cell+cycle+arrest Prostate+cancer

miRK155 HDAC4 Blc6
Cell+survival+/+
Prolifera6on

BKcell+lymphoma

miRK2861 HDAC5 BMP2 Osteogenesis Osteoporosis

miRK433 HDAC6 aKTubulin
Skeletal+

development+

XKlinked+
dominant+

chondrodysplasia

miRK140+5p HDAC7 ADAM10 Migra6on TSCC

miRK93 HDAC8 CCDN2 Prolifera6on Colorectal+cancer
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The+intravenous+injec6on+of+miRK122Kspecific+antagomir+in+mice+leads+to+a+decrease+in+the+miRNA+

expression+in+the+liver+correlated+with+a+decrease+of+the+cholesterol+amount+in+the+plasma+of+obese+

mice*(Esau*and*al.,*2006).+Moreover,+other+molecules,+called+miRNA+mimics,+have+been+developed+

to+allow+reKexpression+of+tumor+suppressor+miRNAs.+For+example,+the+LetK7+family+has+been+shown+

to+be+par6cularly+downKregulated+in+many+cancers+(stomach,+breast,+pancreas,+cancer).+Trang+et+al.+

have+used+an+in+vivo+KRAS+dependent++lung+cancer+model+where+they+reKintroduced+the+expression+

of+ LetK7a+ and+ b+with+ specific+mimic,+ which+ resulted+ in+ a+ decrease+ in+ tumor+ size+ (Trang* and* al.,*

2011).+

However,+ the+ targe6ng+ of+ miRNAs+ in+ therapeu6c+ approaches+ against+ cancer+ has+ limita6ons.+

Indeed,+miRNAs+have+mul6ple+target+genes+which+results+in+a+decrease+of+the+specificity+of+ac6on+

and+an+increase+in+the+side+effects+development+related+to+the+treatment.+Furthermore,+methods+

for+the+in*vivo+delivery+of+antagomir+and+mimic+molecules+remain+to+be+op6mized.+Currently,++lipids+

or+viral+vectors+are+used.+Unfortunately+these+techniques+lead+to+DNA+damage+and+strong+immune+

response.+In+addi6on,+the+viral+vectors+are+poten6ally+dangerous+when+they+integrate+in+the+human+

genome+ (MacFarlane* and* al.,* 2010).+ Slack+ and+ colleagues+ have+ shown+ that+ the+ use+ of+

nanopar6cles+for+stabilized+and+packed+inhibitors+can+be+beneficial* (Babar*and*al.,*2012;*Kosinski*

and*al.,*2011).+

4.Epigene;c)aspects)of)Gastric)Cancer)
GC,+ like+ other+ cancers,+ presents+ a+ globally+ hypomethylated+ genome+ with+ some+ local+

hypermethyla6on+ (Nursal* and* al.,* 2016).+ These+ epigene6c+ changes,+ once+ characterized,+ helped+

ranked+GC+from+a+molecular+point+of+view.+The+TCGA+define+different+molecular+subtypes+for+GC,+

the+EBVKposi6ve+tumors+(EBVKGC),+the+microsatellite+unstable+tumors+(MSI),+ the+genome+stability+

tumors+ (GS)+ and+ the+ chromosomal+ instability+ tumors+ (CIN).+As+described+previously,+ EBVKGC+and+

MSI+subtypes+are+characterized+by+altera6ons+in+DNA+methyla6on+(See#molecular#characteriza,on#

of#GC#sec,on).+

4.1. Histone*modifica-on:*the*HDAC*

The+ enzymes+ allowing+ DNA+ and+ histones+ methyla6on+ have+ the+ ability+ to+ recruit+ HDACs+ to+

consolidate+ gene+ silencing.+ An+ altera6on+ in+ expression+ of+ HDACs+ is+ observed+ in+ many+ cancers.+

However,+ few+cases+of+aberrant+HDAC+expression+have+been+described+ in+ the+context+of+ the+CG.+

HDAC1+and+HDAC2+are+overexpressed+in+advanced+types+and+their+expressions+are+correlated+with+

poor+prognosis+for+pa6ents*(Mutze*and*al.,*2010).+Moreover,+HDAC1+is+known+to+downregulate+p53+
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and+ the+ von+ Hippen+ Lindau+ factor+ expression,+ which+ are+ both+ implicated+ in+ apoptosis+ and+

angiogenesis+processes+(Choi*and*al.,*2001).+Furthermore,+HDAC4+is+overexpressed+in+GC+cell+lines+

leading+to+an+increase+in+cell+growth+and+apoptosis+arrest+(Kang*and*al.,*2014).*

4.2. NonUcoding*RNA*

Recent+studies+showed+the+importance+of+miRNAs+in+the+diagnosis+and+prognosis+of+cancers+of+the+

diges6ve+system,+but+their+precise+role+in+this+context+ is+poorly+known+(Zhang*and*al.,*2008).+For+

example,+ miRK21,+ who+ shows+ oncogenic+ ac6vity+ (oncomiR),+ has+ been+ described+ to+ be+

overexpressed+ in+ 92%+of+GC,+ and+ correlated+with+ inhibi6on+ of+ the+ expression+ of+ its+ target+ gene+

PTEN,+a+tumor+suppressor.+Moreover+genomics+loss+of+the+tumor+suppressor+miRK101+results+in+the+

overexpression+ of+ EZH2+ and+ concomitant+ deregula6on+ of+ epigene6c+ pathway,+ which+ leads+ to+

cancer+progression* (Ishiguro*and* *al.,* 2014).+Upregulated+miRK106+and+down+ regulated+miRK203+

are+associated+with+gastric+tumor+size+and,+stage,+as+well+as+ lymph+nodes+and+distant+metastasis.+

They+may+become+new+predic6ve+markers+in+GC+(Xiao*and*al.,*2009;*Chiang*and*al.,*2011).+MiRNAs+

onen+ organize+ in+ clusters+ and+ they+ share+ common+ func6ons.+ For+ example,+ miRK222K221+ and+

miRK106bK25+which+ are+ known+ to+ be+ upregulated+ in+GC+6ssues,+ leads+ to+ the+ ac6va6on+of+ CDK2+

ac6vity+ to+ increased+ the+ transi6on+ in+ the+ G1/S+ phase+ (Liao* and* al.,* 2011;* Cho* and* al.,* 2009).+

MiRNAs+ are+ also+ related+ to+ the+ apoptosis+ process,+ as+ miRK375+ described+ to+ suppress+ Akt+

phosphoryla6on+ pathway+ and+ inhibit+ 14K3K3ζ+ an+ apopto6c+ gene,+ which+ is+ down+ regulated+ in+

various+GC+types*(Tsukamoto*and*al.,*2010).+In+addi6on,+some+of+them+are+linked+to+the+metastasis+

forma6on,+ as+ LetK7+ family+ members+ which+ show+ a+ inverse+ rela6onship+ with+ their+ target+ gene+

HMGA2,+implicated+in+gastric+tumor+invasion+(Motoyama*and*al.,*2008).++

Other+ miRNAs+ have+ been+ described+ to+ play+ a+ role+ in+ the+ chemosensi6vity+ of+ the+ GC+ cells.+ For+

example,+expression+of+miRK143,+miRK144+and+miRK145+is+described+as+a+prognosis+marker+of+the+

chemotherapy+effec6veness+(Takagi*and*al.,*2009;*Akiyoshi*and*al.,*2012).+Finally,+the+ectopic+over+

expression+of+miRK15b+and+miRK16,+which+are+downKregulated+in+mul6drug+resistant+gastric+cancer+

cell+lines,+leads+to+a+chemoKsensi6zing+effect+via+Bcl2+inhibi6on,+an+an6Kapopto6c+gene+(Xia*and*al.,*

2008).+

Many+ team+aqempted+ to+ define+ a+miRNA+expression+ signature+ in+GC.+ The+ recurring+ problem+of+

these+ studies+ is+ the+ general+ lack+ of+ criteria+ for+ selec6on+ of+ samples+ analyzed.+ Indeed,+ these+

retrospec6ve+ studies+ do+ not+ onen+ take+ account+ of+ the+ stage+ of+ the+ tumor,+ histological+

characteris6cs+ (intes6nal,+ diffuse),+ and+ do+ not+ dis6nguish+ between+ the+ different+ treatments+
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administered+ to+ the+ pa6ent.+ The+ results+ are+ biased+ and+ give+ rise+ to+ much+ controversy+ for+ the+

miRNA+ status:+ oncogenic+ or+ tumor+ suppressor.+ This+ is+ the+ case+ for+ the+ cluster+miRK92/miRK182/

miRK183+overexpressed+in+GC+but+whose+status+is+not+clear.+In+fact+Li+et+al.+described+it+for+its+role+in+

the+ini6a6on+of+metasta6c+development+while+Tang+et+al.,+gave+it+the+opposite+effect* (Zhang*and*

al.,*2013b).))
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IV. P53)FAMILY)

1.p53)family)members)and)gastric)cancer)
It+has+been+reported+that+proteins+of+the+p53+family+(p53,+p63,+p73)+are+involved+in+many+aspects+

of+cancer+development+in+the+diges6ve+system.+p53+is+mutated+in+60%+of+GC.+Expression+of+ΔNp73+

isoforms+correlates+with+poor+prognosis+for+pa6ents+with+GC+(Rivlin,*and*al.,*2011).+Moreover,+p53+

mutants+ interfere+ with+ the+ func6ons+ of+ TAp73+ isoforms+ in+ GC+ cells+ in+ response+ to+ cytotoxic+

therapies+(Rufini*and*al.,*2011),+ including+pla6num+deriva6ves+compounds.+ Inac6va6on+of+p53+in+

GC+is+one+of+the+crucial+steps+leading+to+cancer+progression+and+can+be+explained+by+gene6c+and+

epigene6c+modifica6ons.+For+example,+p53+expression+can+be+decreased+by+miRK125b+controlling+

the+balance+between+prolifera6on+and+apoptosis+and+enhancing+cancer+progression+(Rokavec*and*

al.,*2014).+Furthermore,+p53+can+interact+with+HDAC1,+which+will+reduce+its+binding+capacity+to+BAX+

promoter,+an+apopto6c+gene+and+improve+survival+of+the+cells*(Juan*and*al.,*2000).+

Moreover,+ I+ have+ presented+ throughout+ this+ work+ the+ involvement+ of+ the+ p53+members+ in+ the+

answer+ to+ some+ common+ (cispla6n)+ or+ in+ development+ (RDC11)+ chemotherapies.+ Cispla6n+ and+

RDC11+have+the+ability+to+induce+the+expression+of+p53+and+p73,+thus+allowing+apoptosis+of+tumor+

cells.+These+observa6ons+have+led+us+to+further+study+the+p53+family+members,+mainly+p53+and+p73+

in+the+context+of+GC.+

2.Generality)about)the)p53)family))
The+p53+family+is+composed+of+3+members:+p53,+p63+and+p73.+These+transcrip6on+factors+play+a+key+

role+in+many+biological+processes+such+as+cell+cycle+arrest,+DNA+repair,+senescence+and+apoptosis.+

p53+was+first+described+in+1979.+ It+ is+defined+as+a+"guardian+of+the+genome"+(Lane,+1992)+or+as+a+

"cellular+ gatekeeper"+ (Levine,+ 1997).+ Its+ main+ func6ons+ are+ related+ to+ cell+ cycle+ arrest+ and+ the+

induc6on+ of+ apoptosis.+ Moreover,+ it+ also+ plays+ an+ important+ protec6ve+ role+ against+ the+

development+of+cancer.+Mice+knockout+for+p53+are+viable+without+major+development+defect+but+

are+more+ likely+to+develop+spontaneous+tumors+ (Donehower*and*al.,*1992).+ In+the+same+context,+

the+inherited+germline+muta6on+of+p53,+found+in+the+LiKFraumeni+syndrome,+predisposes+pa6ents+

to+cancer+development+such+as+breast+cancer+(Rivlin*and*al.,*2011).+The+p53+ac6vity+is+also+cri6cal+

in+response+to+chemotherapy.+Thus,+its+inac6va6on+by+dele6on,+muta6on+or+sequestra6on+by+viral+

proteins+is+a+key+step+in+the+development+of+over+half+of+the+human+cancers.+
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Several+ years+aner+ the+discovery+of+p53,+p63+and+p73+have+been+described+ (Yang*and*al.,* 1998;*

Kaghad*and*al.,*1997).+They+show+a+high+sequence+similarity+to+p53+but+their+func6on+seems+to+be+

more+ important+ in+ the+developmental+ process.+ Indeed+ the+ genera6on+of+ knockout+mice+ for+ p63+

and+p73+have+been+achieved,+and+in+contrast+to+p53,+they+do+not+appear+to+develop+spontaneous+

tumors.+ The+ p63Kdeficient+ mice+ are+ viable+ but+ because+ of+ the+ major+ development+ defects,+

observed,+ they+ die+ shortly+ aner+ birth.+ They+ present+ a+ total+ loss+ of+ stra6fied+ epithelium+ and+

glandular+ structures+ (thymus,+ prostate…)+ (Mills* and* al.,* 1999;* Rouleau* and* al.,* 2011).+ These+

observa6ons+highlight+the+importance+of+p63+in+the+development+of+the+epithelia.+Mice+deficient+in+

p73+ have+ a+ high+mortality+ rate+ aner+ birth.+ They+ develop+major+ gastrointes6nal+ and+ intracranial+

haemorrhages.+Death+occurs+4K6+weeks+aner+birth+due+ to+ chronic+ infec6ons.+ Their+phenotype+ is+

characterised+ by+ the+ presence+ of+ hydrocephalus,+ hippocampal+ dysgenesis,+ and+ default+ in+

pheromones+detec6on,+which+is+crucial+for+social+behavior.+This+phenotype+suggests+an+important+

role+of+p73+in+neurogenesis+(Yang*and*al.,*2000).*

3.Domains)organiza;on)
p63+ and+ p73+ have+ a+ domain+ organiza6on+ similar+ to+ p53,+ with+ the+ presence+ of+ three+ func6onal+

domains:+ an+aminoKterminal+ transac6va6on+domain+ (TAD),+ a+DNA+binding+domain+ (DBD)+ and+an+

oligomeriza6on+ domain+ (OD).+ In+ contrast+ to+ p53,+ p63+ and+ p73+ have+ a+ long+ carboxyl+ terminus+

containing+a+sterile+alpha+domain+(SAM)+involved+predominantly+ in+the+developmental+regula6on+

by+ proteinKprotein+ interac6ons.+ The+ presence+ of+ this+ domain+ supports+ the+ fact+ that+ these+ two+

members+play+a+key+role+in+the+process+of+cell+differen6a6on*(Candi*and*al.,*2013)*(Figure)21).+

Figure)21:)Structure)of)the)p53)family)members))
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DNAcbinding)domain)(DBD))

The+three+members+have+a+high+sequence+homology+in+their+DBD+(63%+between+p53+and+p73+and+

60%+between+p63+and+p53).+The+DBD+gives+them+the+ability+to+bind+to+specific+sequences+ in+the+

promoters+of+genes+involved+in+cell+cycle+arrest+(p21,+GADD45)+and+apoptosis+(Bax,+PUMA)+(Harms*

and* al.,* 2004).+ The+ sequence+ homology+ between+ these+ DBDs+ confers+ to+ them+ the+ ability+ to+

transac6vate+the+expression+of+the+same+genes+but+also+to+regulate+the+expression+of+each+other*

(S-ewe,*2007).+Indeed,+TAp73+and+p53+can+ac6vate+the+transcrip6on+of+ΔNp73.+Conversely,+ΔNp73+

is+ able+ to+bind+ to+ the+p53+ response+element+ (p53+RE)+on+ the+TAp73+and+p53+promoter+ inducing+

their+ downregula6on.+ In+ addi6on+ to+ these+ shared+ target+ genes,+ each+of+ them+also+ have+ specific+

ones*(S-ewe*and*al.,*2002).)

Oligomeriza;on)domain)(OD))

Members+of+ the+p53+ family+bind+as+ tetramers+ to+ the+DNA+by+ their+OD+present+ in+ the+CKterminal+

region.+The+muta6on+of+the+OD+leads+to+the+inhibi6on+of+p53+ac6vity,+confirming+the+fact+that+their+

ac6vity+ is+dependent+of+the+tetramer+forma6on)(Davidson*and*al.,2001).+Wild+type+p53+does+not+

seem+ to+ form+ heterotetramer+ unlike+ p63+ and+ p73+ (Davidson* and* al.,* 1999;* Coutandin* and* al.,*

2009).+However,+p53+mutants+can+oligomerise+with+all+the+family+members,+as+well+as+ΔNp63+and+

ΔNp73,+leading+to+the+inhibi6on+of+p53,+TAp73+and+TAp63+ac6vity+(Gaiddon*and*al.,*2001).*

Transac;va;on)domain)(TAD))

Each+ family+ member+ has+ two+ different+ promoters:+ one+ upstream+ of+ the+ first+ exon+ (the+ distal+

promoter,+ P1)+ and+one+ located+within+ intron+3+ (the+ internal+ promoter,+ P2)+ for+ the+ genera6on+of+

different+ isoforms.+ Thus,+ transcrip6on+ from+ P1+ generates+ p53,+ TAp63+ and+ TAp73,+ each+ with+ a+

transcrip6onal+ ac6vity.+ The+ loss+ of+ the+ TAD+ due+ to+ transcrip6on+ ini6ated+ in+ P2,+ leads+ to+ the+

forma6on+ of+ the+ isoforms+ called+ «+ ΔN+ »,+ ΔNp63+ and+ ΔNp73.+ The+ ΔN+ isoform,+ also+ called+ the+

dominant+nega6ve,+lacks+is+transcrip6onal+ac6vity+without+the+TAD.+They+can+s6ll+bind+to+DNA+but+

cannot+ interact+ with+ the+ transcrip6onal+ machinery.+ For+ this+ they+ act+ by+ compe66on+ with+ the+

transac6vated+isoforms+(Yang*and*al.,*2002b).+For+example,+ΔNp73+is+able+to+bind+on+the+p53+and+

TAp73+ target+gene+promoters+ to+ inhibit+ their+ transcrip6on+ (Grob*and*al.,*2001).+However,+ recent+

studies+suggest+that+the+ΔNp63+and+ΔNp73+isoforms+could+s6ll+have+a+transcrip6onal+ac6vity+by+the+

presence+of+small+nonKconven6onal+TAD+domain+in+the+NKterminal+extremity+(Lin*and*al.,*2009).+

Originally,+only+p63+and+p73+were+described+ for+ the+genera6on+of+different+NKterminal+ isoforms.+

Recently,+p53+was+reported+to+also+have+an+intronic+promoter+(Δ133p53,+Δ160p53).+Furthermore,+
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alterna6ve+splicing+of+p73+and+p53+is+observed+genera6ng+unconven6onal+TA+isoforms+(ΔEx2p73,+

Δ40p53)+(MurrayUZmijewski*and*al.,*2006;*Marcel*and*al.,*2011;*Wei*and*al.,*2012).+

Carboxicterminal)domain)(CTD))

Alterna6ve+splicing+in+the+CTD+of+p53,+p63+and+p73+is+observed,+genera6ng+different+transcrip6onal+

variants.+ For+ p53,+ 7+ variants+ are+ described+ (α,+ β,+ γ,+ δ,+ ε,+ ζ,+ ΔE6p53)+ (Bourdon* and* al.,* 2005;*

Hofste^er*and*al.,* 2010).+ The+p63+gene+was+ shown+ to+express+ at+ least+ 5+ alterna6vely+ spliced+CK

terminal+ isoforms+(α+K+ε),+while+the+p73+gene+expresses+at+ least+7+alterna6vely+spliced+CKterminal+

isoforms+(α+K+η)*(Mangiulli*and*al.,*2009;*Wei*and*al.,*2012).+Therefore,+the+p63+gene+expresses+6+

mRNA+variants+which+code+for+6+different+p63+protein+isoforms,+while+p73+gene+expresses+at+least+

35+mRNA+variants+which+code+for+29+different+p73+protein+isoforms.+Currently+no+animal+model+has+

been+conducted+ to+determine+what+ the+ func6ons+of+ these+ isoforms+are.+The+majority+of+ studies+

was+performed+on+the+α+and+β+isoforms+and+show+major+differences.+For+example,+TAp73β+seems+

to+mimic+ the+ effects+ of+ p53+ through+ the+ transcrip6onal+ ac6va6on+ p53+ target+ genes+ involved+ in+

apoptosis.+ Conversely,+ TAp73α+ is+ involved+ in+ gene+ regula6on+ implicated+ in+ metastasisKrelated+

func6on+ as+ the+ focal+ adhesion+ and+ the+ ac6n+ cytoskeleton.+ In+ addi6on,+ the+ func6on+ of+ these+

isoforms+would+be+dependent+on+the+cell+type+and+the+cellular+context*(Logothe-*and*al.,*2013).+

Differences+in+the+sequence+and+the+structure+of+these+three+members+lead+to+some+differences+in+

the+ proteinKprotein+ interac6ons,+ differences+ in+ postKtransla6onal+ modifica6ons+ and+ par6cularly+

differences+ in+ transcrip6onal+ ac6va6on+ of+ target+ genes.+ Now,+ I+ will+ develop+ in+more+ details+ the+

major+func6on+of+p53+and+p73,+especially+in+the+context+of+GC.+

4.Func;ons)of)p53))
p53+ has+ been+ described+ to+ regulate+ several+ biological+ processes+ such+ as+ cell+ cycle+ progression,+

senescence,+DNA+metabolism,+angiogenesis,+cell+differen6a6on,+immune+response+and+apoptosis.+

However,+its+major+func6ons+are+involved+in+growth+arrest+and+apoptosis.+

4.1. p53*regula-on*

p53/MDM2)repressor)complex)

p53+ is+ a+ sensor+ of+ DNA+ damage+ and+ genotoxic+ stress.+ Thus,+ under+ normal+ condi6ons,+ p53+ is+

expressed+ at+ low+ levels+ in+ the+ cell,+ through+ its+ interac6on+with+MDM2+ protein,+ an+ E3+ ubiqui6n+

ligase.+ The+ ubiqui6nyla6on+ of+ p53+ allows+ its+ proteasomal+ degrada6on* (Toledo* and* al.,* 2006).+

Knockout+of+MDM2+causes+embryonic+ lethality+ in+mouse,+due+ to+ the+aberrant+expression+of+p53+
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(Marabese*and*al.,*2007).+In+contrast,+p53+is+itself+able+to+regulate+the+expression+of+MDM2+as+part+

of+ a+ nega6ve+ feedback+ loop.+ In+ addi6on,+ MDM2+ is+ able+ to+ process+ to+ its+ autoKubiqui6nyla6on+

allowing+ the+ disrup6on+ of+ the+ p53KMDM2+ complex+ (Honda* and* al.,* 1997).+ In+ response+ to+ DNA+

damage+or+genotoxic+stress,+Kruse+and+Gu+proposed+a+model+ in+3+steps+for+the+ac6va6on+of+p53+

target+promoters+(Zilfou*and*al.,*2009):+

K p53+stabiliza6on+in+response+to+cellular+stress+through+the+inhibi6on+of+MDM2+

K p53+derepression+by+postKtransla6onal+modifica6ons+

K cofactors+recruitments+for+transcrip6onal+ac6va6on+of+p53+target+promoters+

p53)postctransla;onal)modifica;ons)

p53+can+be+phosphorylated+allowing+in+one+hand+to+increase+the+selec6vity+of+its+target+genes+and+

on+ the+ other+ hand+ the+ inhibi6on+ of+ the+ MDM2+ complex+ forma6on+ (Bode* and* al.,* 2004).+ P53+

sequence+selec6vity+ is+ increased+in+response+to+DNA+damage+by+the+ac6on+of+CK1+(casein+kinase+

1),+which+ phosphorylates+ the+ serine+ (Ser)+ 6K9+ and+ threonine+ (Thr)+ 18+ residues.+ γKirradia6on+will+

allow+to+ac6vate+ATM,+a+sensor+of+DNA+damages,+which+will+be+able+to+hyperphosphorylate+MDM2+

and+allow+the+p53+release*(Shiloh*and*al.,*2001).+Moreover,+ARF+and+INK4,+important+in+cell+cycle+

progression+and+regula6on+of+p53,+have+the+ability+to+inhibit+the+complex+p53+/+MDM2+forma6on+

through+MDM2+sumoyla6on*(Xirodimas*and*al.,*2002).+

p53+acetyla6on+prevents+ its+ubiqui6na6on+and+therefore+ its+degrada6on+by+the+proteasome.+For+

example,+ the+ acetyltransferases+ CBP+ (p300/CREB)+ and+ PCAF+ (p300/CREB+ associated+ factor)+

coac6vate+p53+by+increasing+its+stability+and+transcrip6onal+ac6vity.+To+respond+to+p53+ac6va6on,+

the+ target+ gene+promoters+must+be+ accessible.+ By+ interac6on+with+p300/CBP,+ p53+promotes+ the+

histone+acetyla6on+around+its+response+elements,+thus+inducing+chroma6n+relaxa6on*(Chan*and*La*

Thongue,* 2001).+ Conversely,+ the+ ac6on+ of+ histone+ deacetylases,+ such+ as+ HDAC1,+ inhibits+ p53+

ac6vity*(Juan*et*al.,*2000;*Luo*et*al.,*2000)*promo6ng+its+ubiqui6nKdependent+degrada6on.+

However,+ postKtransla6onal+ modifica6ons+ of+ p53+ can+ also+ induce+ its+ MDM2Kindependent+

degrada6on+ by+ JNK,+ which+ plays+ a+ dual+ role.+ Under+ normal+ condi6ons,+ JNK+ (cKJun+ NKterminal+

kinase)+ interacts+ with+ p53+ during+ the+ G0/G1+ transi6on+ of+ the+ cell+ cycle+ and+ induces+ its+

ubiqui6na6on+ and+ degrada6on* (Buschmann* and* al.,* 2001;* Fuchs* and* al.,* 1998).+ Conversely,+ in+

response+ to+ DNA+ damage,+ JNK+ induces+ p53+ phosphoryla6on+ and+ ac6va6on.+ p53+ can+ also+ be+

neddylated+ by+ NEDD8+ mediated+ by+ MDM2+ which+ causes+ its+ destabilisa6on+ and+ thus+ its+

degrada6on*(Xirodimas*and*al.,*2004).+Moreover,+Katayama+and+colleagues+showed+that+the+aurora+

kinase+A,+which+is+overexpressed+in+bladder+cancer+had+the+ability+to+phosphorylate+p53+(Ser315,+CK
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terminal),+ which+ induces+ its+ destabilisa6on+ and+ therefore+ its+ degrada6on+ (Katayama* and* al.,*

2004)*.*

In+ response+ to+ DNA+ damages,+ p53+ is+ involved+ in+ the+ cell+ cycle+ to+ prevent+ DNA+ replica6on+ and+

gene6cally+altered+cell+division,+proof+of+its+importance+in+the+maintenance+of+the+gene6c+integrity.+

It+can+promote+DNA+repair,+cell+senescence+or+apoptosis+(Zilfou+and+al.,+2009).+How+p53+chooses+its+

program+ is+not+ clear+yet.+ Indeed,+ this+ choice+could+firstly+be+dependent+of+ the+postKtransla6onal+

modifica6ons+but+also+to+the+damage+extent+and+the+stress+dura6on,+as+proposed+by+Vousden+and+

Prives*(Vousden*and*Prives,*2009)+(figure)22).+

Figure)22:)Vousden)and)Prives)[2])proposed)a)model)of)the)dual)mechanism)of)p53)func;on)in)

tumors.)Suzuki*and*al.,*2011+

4.2. Cell*cycle*arrest*

The+cell+ cycle+progression+ is+ regulated+by+ the+combina6on+of+cyclin+and+cyclinKdependent+kinase+

(CDK)+(Nurse*2000).+In+response+to+UV,+p53+has+the+ability+to+arrest+the+cell+cycle+in+the+G1+phase+by+

ac6va6ng+ the+ transcrip6on+ of+ one+ of+ its+ target+ genes,+ p21+ (a+ cyclinKdependent+ kinase+ inhibitor)+

that+blocks+the+cell+cycle+by+interac6ng+with+and+inhibi6ng+CDK1,+2,+4+and+6+(Gartel*and*al.,*2005).+

p53+may+also+arrest+the+cell+cycle+in+the+G2+/+M+transi6on+through+the+matura6ngKpromo6ng+factor+

(MPF)+ composed+ of+ the+ cyclin+ B1+ /+ cdc2+ complex+ (St* Clair* and* al.,* 2006).+ Indeed,+ p53+ ac6vates++
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Figure 1: Vousden and Prives [2] proposed a model of the dual
mechanism of p53 function in tumors. The result of p53 activation
depends on multiple variables. In this model, the p53 response to
low stress results in cell cycle arrest, growth inhibition, DNA repair,
and so on. This response enables cells to restore the damage induced
by the cellular stress. But when the cells receive high stress that
cannot be restored, p53 acts as killer that can induce apoptosis
or senescence, preventing proliferation of defective cells. If p53
mistakenly responds as a protector when cells receive a high stress
that cannot be repaired, the cells keep the genetic damage, which
can lead to or contribute to cancer progression (dotted line).

programs [2]. Cellular senescence induced by p53 is impor-
tant not only for cancer prevention but also for the anticancer
effect induced by any wild-type p53 introduced in established
tumors.

Xue et al. constructed a mouse model of liver cancer with
conditionally regulated endogeneous p53. Reactivation of
endogeneous p53 in p53-deficient tumors results in complete
tumor regressions. Interestingly, the primary response to
p53 was not apoptosis, but the induction of a cellar senes-
cence program. This program triggered an innate immune
response that eliminated the tumor from the host [38].

We have reviewed two important roles of p53 as a tumor
suppressor. Among the various functions of p53, apoptosis
and senescence are the main mechanisms responsible for its
tumor suppression. However, precisely how p53 determines
whether or not the activation of the senescence program or
the apoptosis program occurs still remains to be elucidated.
This question is especially important for the development of
p53-based cancer therapy, including approaches in combi-
nation with conventional chemotherapy. Most conventional
chemotherapeutic agents achieve elimination of cancer cells
by killing them. Therefore, if p53 induces senescence rather
than apoptosis, a conflict will emerge. Indeed, it has been
reported that some types of breast cancer are protected from
cytotoxic chemotherapeutic agents by endogeneous p53 [39].

Therefore, multiple factors, such as the quality and
quantity of cellular stress, the tissue type, and the cellar
microenvironment, determine the fate of the cell. Vousden

and Prives proposed a model wherein the decision between
life and death can be determined by the extent of damage or
the duration of stress [2]. In their model, a low level of stress
which can be repaired elicits a DNA repair/survival response,
while a high level of stress that cannot be repaired induces
an apoptotic or senescence response. This dual nature of
p53, killer and protector, indicates the possibility that p53
may also act as tumor promoter. The antiapoptotic function
of p53 may lead to the survival of damaged cells, which
may increase the possibility for malignant transformation
(Figure 1).

2.3. Applications of p53-Based Cancer Therapy. Because
most, if not all, human cancers harbor altered p53, the
concept of restoration of p53 for cancer therapy is very
attractive. An animal model showed the reactivation of wild-
type p53 to result in efficient tumor regression, including
regression of lymphoma [40, 41] and liver carcinoma [38].

2.3.1. Reactivating Mutant p53. There is class of small
molecules that reactivate the wild-type functions of mutant
p53. PhiKan083 is a carbazole derivative found from in silico
screening of the crystal structure of p53. By binding mutated
p53, PhiKan083 raises the melting temperature of mutated
p53, which results in the reactivation of its function [42].
PRIMA-1 is another small molecule identified by cell-based
screening which restored sequence-specific DNA binding
and the active conformation of p53 [43]. CP-31398 is also
a small molecule that can restore the protein folding of
mutated p53 to a more natural conformation that permits
a wild-type function [44].

2.3.2. p53 Stabilization. MDM2 is an E3 ubiquitin ligase
which controls p53 degradation. Many tumors overexpress
MDM2 [45], even tumors without p53 mutations [46]. Tar-
geting MDM2 for p53 stabilization seems to be promising, so
many reports on targeting MDM2 or the MDM2-p53 have
been published.

For example, the nutlins are cis-imidazoline compounds
that act as antagonists of the MDM2-p53 interaction.
Analysis of the crystal structure showed that nutlin binds in
the pocket of MDM2 to prevent the p53-MDM2 interaction.
Nutlin can activate the p53 pathway, thereby inducing cancer
cells and xenograft tumors in mice to undergo cell cycle
arrest, apoptosis, and growth inhibition [47].

MI-219 is another small molecule that inhibits the
MDM2-p53 interaction. MI-219 also activates the p53
pathway in cells with wild-type p53. Apoptosis and cell cycle
arrest were observed in xenograft tumors which resulted in
tumor regression [48].

However, MDM2 inhibition and p53 activation in nor-
mal tissue may be harmful. Ringshausen et al. showed that
p53 is spontaneously activated in many tissues in MDM2-
deficient mice. Moreover, p53 triggered fatal pathologies that
included the ablation of classically radiosensitive tissues [49].

2.3.3. Other Classes of Drugs for p53 Stabilization. Tenovin
was found by a cell-based drug screen to activate p53.



transcrip6on+of+the+14K3K3Ơ+factor+that+prevents+the+proper+nuclear+localiza6on+of+the+cyclin+B1+/+

cdc2+complex+and+therefore+inhibits+its+ac6vity+(Chan*and*al.,*1999).+

Following+the+cell+cycle+arrest,+p53+can+induce+DNA+repair.+GADD45a+ac6vated+by+p53+is+involved+in+

this+ process+ through+ its+ interac6on+ with+ the+ histone,+ crea6ng+ a+ more+ accessible+ chroma6n+

conforma6on* (Zhan* and* al.,* 1999).+ For+ example,+ in+ response+ to+ cispla6n,+ p53+ has+ the+ ability+ to+

ac6vate+ the+ transcrip6on+ of+ XPE+ and+ XPC+ who+ will+ recognize+ DNA+ adducts+ and+ allow+ the+ DNA+

repair+ by+ the+ NER+ (Shimizu* and* al.,* 2003;* Fitch* and* al.,* 2003).+ In+ addi6on,+ in+ response+ to+ DNA+

damages,+p53+ac6vates+the+transcrip6on+of+MSH2,+a+protein+of+the+MMR+in+order+to+ improve+ its+

effect+and+to+reduce+the+microsatellite+instability.+

Ac6va6on+of+the+senescence,+the+permanent+arrest+of+cell+division,+may+also+promote+p53+through+

p15,+p16+and+p21.+p15+and+p16,+unlike+p21+bind+permanently+CDK4+and+CDK6,+thereby+preven6ng+

the+ recovery+ of+ the+ cell+ cycle.+ This+ mechanism+ is+ par6cularly+ advantageous+ in+ inhibi6ng+ tumor+

growth+ (Serrano* and* al.,* 1997).+ Xue+ and+ al+ used+ an+ animal+ model+ of+ liver+ cancer.+ When+ they+

reac6vated+ p53+ expression+ they+ showed+ that+ p53+ allowed+ a+ decrease+ of+ the+ tumor+ size+ by+ the+

introduc6on+of+the+cell+senescence+followed+by+an+immune+system+response+leading+to+the+tumor+

cell+death+(Xue*and*al.,*2007;*Bertheau*et*al.,*2008).*

4.3. Apoptosis*

This+mechanism+ is+par6cularly+ important+ in+ the+ inhibi6on+of+ tumor+development.+p53+ is+a+major+

actor+of+this+process,+which+is+emphasized+by+the+fact+that+p53+is+mutated+or+deleted+in+over+half+of+

human+ cancers+ (MurrayUZmijewski* and* al.,* 2006).+ In+ addi6on,+ apoptosis+ is+ lost+ in+ p53+ deficient+

tumors+(Parant*and*al.,*2003).+The+two+apopto6c+pathways,+the+intrinsic+and+extrinsic+pathway+can+

be+modulated+by+p53+(Figure)23).+

The)extrinsic)pathway)of)apoptosis)

This+ pathway+ involves+ the+ cell+ surface+ receptors+ of+ death+ domain,+ Fas+ and+ DR5,+ inducing+ the+

apoptosis+following+an+external+s6mulus+(inflamma6on).+The+binding+of+their+ligand+(Fas+ligand+or+

TNF)+induces+the+capacity+of+the+death+receptors+to+bind+to+proteins+adapter+and+ac6vate+the+proK

Caspase+8+cleavage,+which+itself+ac6vates+caspase+3+leading+to+the+apoptosis+(Thornberry*and*al.,*

1998).+Caspase+8+also+has+the+ability+ to+communicate+with+the+ intrinsic+pathway+by+the+cleavage+

and+ac6va6on+of+Bid,+a+proKapopto6c+BclK2+family+member+who+par6cipates+in+the+release+of+the+

cytochrome+c+from+the+mitochondria+by+ac6va6on+of+Bax+(Tait*and*al.,*2010).+p53+is+involved+in+this+
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pathway+by+its+ability+to+ac6vate+Fas+and+DR5+receptors+and+the+Caspase+8+expression+(Fukasawa*

and*al.,*1999;*Wu*and*al.,*1997;*Liedtke*and*al.,*2003).+

)

Figure)23:)Scheme)depic;ng)intrinsic)and)extrinsic)pathways)of)apoptosis.)Youle*and*al.,*2008)

The)intrinsic)pathway)of)apoptosis)

This+pathway+ is+ connected+ to+ the+ac6vity+of+ the+mitochondria.+p53+will+ allow+ the+ transcrip6onal+

ac6va6on+of+several+proKapopto6c+genes+leading+to+an+increase+in+the+expression+of+the+BH3Konly+

proteins,+Puma+and+Noxa+and+the+BclK2+family+proteins,+Bax+and+Bid+(Fridman*and*al.,*2003).+PumaK

deficient+mice+ present+ a+ phenotype+ similar+ to+ that+ observed+with+ p53+ K/K+ in+ the+ absence+of+ the+

apoptosis+implementa6on*(Suzuki*and*al.,*2011).+Bid+ac6vates+Bax,+while+Noxa+and+Puma+bind+the+

an6Kapopto6c) BclK2Kfamily+ proteins,+ BclK2+ and+ BclKxL,+ inhibi6ng+ their+ ac6vity.+ In+ addi6on,+ the+

Cytochrome+ c+ is+ released+ from+ the+ inner+ membrane+ of+ the+ mitochondria,+ and+ associates+ with+
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APAF1+ and+ Caspase+ 9+ to+ form+ the+ apoptosome.+ This+ complex+ will+ then+ ac6vate+ the+ Caspase+ 3+

among+ others,+ which+ allows+ the+ DNA+ condensa6on+ and+ fragmenta6on,+ the+ proteolysis,+ the+

compac6on+ of+ the+ cell+ membrane+ and+ budding.+ The+ cell+ membrane+ disrupts+ the+ cellular+

components+ to+encapsulate+ them+before+being+cleared+by+macrophages+ (Elmore,*2007;*Hail*and*

al.,*2006).*

5.p73)in)tumorigenesis)
Originally,+p73+has+been+described+for+its+role+in+neuronal+development+aner+the+genera6on+of+p73+

knockout+ mice+ (Mills* and* al.,* 1999;* Yand* and* al.,* 2000).+ These+ models+ do+ not+ seem+ likely+ to+

develop+spontaneous+tumors+such+as+p53+K/K+mice.+Indeed,+the+knockout+mice+were+deficient+for+all+

the+ p73+ isoforms,+ TAp73+ and+ ΔNp73.+ Flores+ and+ colleagues+ first+ showed+ that+ the+ genera6on+ of+

mice+ heterozygous+ for+ p73+ developed+ cancers+ such+ as+ lung,+ squamous+ cell+ cancer+ and+ thymic+

lymphoma+(Flores*and*al.,*2005).+Thereaner,+Tomasini+and+al.+and+Wilhelm+and+al.+generated+mice+

selec6vely+ inac6vated+ for+ TAp73+ and+ ΔNp73+ respec6vely.+ TAp73+ deficient+ mice+ develop+

spontaneous+ tumors,+ as+ observed+with+ p53.+ Conversely,+ ΔNp73+ deficient+mice+ do+ not+ have+ this+

characteris6c.+Embryonic+fibroblasts+derived+from+those+mice+exhibit+an+up+regula6on+of+the+p53+

family+ target+ genes,+ CDKN1A+ (p21),+ PUMA,* MDM2,+ sugges6ng+ that+ in+ normal+ cells,+ ΔNp73+

represses+transcrip6on+of+these+genes.+These+experiments+highlight+the+tumor+suppressor+ac6vity+

of+the+TAp73+isoform+and+the+oncogenic+ac6vity+of+ΔNp73.+ +(Tomasini*and*al.,*2008;*Wilhelm*and*

al.,*2010).+

Surprisingly,+ p73+ is+ rarely+ mutated+ in+ human+ cancers+ (less+ than+ 0.5%),+ in+ contrast+ to+ p53.+

Conversely,+many+ cancers,+ such+ as+ neuroblastoma,+ stomach,+ breast+ and+ colon+ cancer,+ exhibit+ an+

aberrant+ p73+ expression+ (Moll* and* al.,* 2001).+ However,+we+ should+ be+ careful+with+ these+ results+

because+ many+ of+ them+ do+ not+ take+ into+ account+ the+ ra6o+ of+ TAp73/ΔNp73+ expression,+

consequence+of+a+lack+in+the+technical+detec6on.+Casciano+et+al.+showed+that+ΔNp73+expression+in+

neuroblastoma+correlated+with+decreased+survival+and+poor+outcome+for+the+pa6ent+regardless+of+

age,+primary+tumor+site,+and+localisa6on+(Casciano*and*al.,*2002).+Like+p53,+p73+is+expressed+at+low+

levels+ in+ cells+ in+ normal+ condi6ons+ and+ ac6vated+ in+ response+ to+ DNA+ damages.+ Its+ ac6va6on+ is+

modulated+by+some+transcrip6onal+and+postKtransla6onal+modifica6ons+enabling+it+to+have+a+role+

in+various+biological+processes+similar+to+p53.+

�87



5.1. p73*regula-on*

The+ ques6on+ that+ remains+ unclear+ is+ why+ the+ cells+ favor+ in+ some+ case+ TAp73+ or+ ΔNp73+

transcrip6on.+ The+ balance+ between+ these+ two+ isoforms+ could+ be+ broken+ by+ the+ change+ in+ the+

ini6a6on+of+the+transcrip6on+at+the+P1+and+P2+promoters,+by+a+difference+in+mRNA+stability+or+the+

change+of+the+protein+status+through+postKtransla6onal+modifica6ons*(Marabese*and*al.,*2007).+

Transcrip;onal)regula;on)

The+ p73+ promoter+ contains+ response+ elements+ for+ diverse+ transcrip6on+ factors+ that+ control+ its+

transcrip6on,+such+as+E2F1.+E2F1+is+involved+in+the+regula6on+of+various+genes+involved+in+the+cell+

cycle,+ the+cell+ fate,+ the+DNA+damage+ repair+and+ the+apoptosis.+ In+ response+ to+DNA+damage,+ the+

repressor+ complex+ CKEBPα+ /+ E2F1+ is+ disrupted+ by+ the+ acetyla6on+ of+ E2F1+ for+ the+ CKEBPα+

transloca6on+out+of+the+nucleus+and+the+ac6va6on+of+E2F1+(La*Thangue*and*al.,*2003).+E2F1+then+

has+the+ability+to+ini6ate+the+apoptosis+in+the+cells+by+the+ac6va6on+of+p73+and+some+proKapopto6c+

target+genes+of+p53*(Irwin*and*al.,*2000).+Moreover,+p53+itself+can+ac6vate+the+expression+of+p73+

(Chen*and*al.,*2001).+Conversely,+the+transcrip6on+of+the+p73+gene+may+be+also+inhibited+by+certain+

factors+ such+ as+ ZEB1+ and+ ΔNp73.+ Regula6on+ by+ ZEB1+ is+ linked+ to+ the+ status+ of+ BRCA1+ in+ breast+

cancer.+ Indeed+ BRCA1+ nega6ve+ cells+ have+ a+ p73Kdependent+ apoptosis+ in+ response+ to+ cispla6n,+

whereas+ it+ is+negligible+when+BRCA1+is+present.+ Indeed,+ZEB1+is+repressed+when+BRCA1+is+absent+

because+of+its+methylated+promoter*(Fontemaggi*and*al.,*2001).+ΔNp73+can+also+ac6vate+p53+and+

TAp73+highligh6ng+the+presence+of+a+nega6ve+feedback+loop*(Grob*and*al.,*2001).+

Postctransla;onal)regula;on)

p73+ is+ regulated+ by+ some+ postKtransla6onal+ modifica6ons+ (ubiqui6na6on,+ sumoyla6on,+

acetyla6on)+leading+to+the+degrada6on+or+stabilisa6on+of+TAp73+and+ΔNp73+isoforms.+

MDM2+also+has+the+ability+to+interact+with+p73.+However,+the+forma6on+of+this+complex+does+not+

induce+the+degrada6on+of+p73,+but+rather+an+increase+in+its+stability+in+contrast+to+what+is+observed+

with+ + p53* (Leng* and* al.,* 2003).+ Similarly,+ SUMO1,+ an+ ubiqui6nKlike+ protein,+ will+ modulate+ the+

interac6on+of+p73+with+other+factors+such+as+cKAbl+and+increase+its+stability+(Minty*and*al.,*2000).+

Conversely,+ITCH,+a+Hect+ubiqui6n+ligase,+and+NQO1+(ubiqui6nKindependent/20S+proteasome),+will+

induce+ the+ p73+ proteasomal+ degrada6on+ in+ absence+ of+ stress+ in+ the+ cell+ (Rossi* and* al.,* 2005b).+

Finally,+UFD2a+ (UKbox+ type+E4/E4+ubiqui6n+ ligase)+binds+p73α+at+ its+SAM+domain.+ In+ response+ to+

cispla6n,+ the+ expression+ of+ UFD2a+ is+ reduced+ in+ neuroblastoma+ cells,+ thereby+ inducing+ the+

ac6va6on+of+p73+and+the+apoptosis*(Hosoda*and*al.,*2005).+
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The+expression+of+p73+may+be+modulated+without+affec6ng+ its+protein+ level.+ For+example,+PIAS1+

allows+TAp73+sumoyla6on,+which+causes+a+decrease+in+its+transcrip6onal+ac6vity+at+the+G1+phase+of+

the+cell+cycle+(Munarriz*and*al.,*2004).+The+acetyla6on+of+p73+by+the+p300/PCAF+complex+increases+

its+ac6vity,+unlike+the+ac6on+of+SIRT1+(a+histone+deacetylase),+which+inhibits+its+ac6vity+(Dai*and*al.,*

2007).+ In+ response+to+genotoxic+stress,+phosphoryla6on+of+p73+by+cKAbl,+a+ tyrosine+kinase,+p38+/+

MAPK,+ and+ Chk1+ increases+ its+ stability+ and+ ac6vity* (Urist* and* al.,* 2004a).+ The+ p73Kdependent+

apoptosis+cannot+be+induced+if+the+cells+are+deficient+for+cKAbl.+Conversely,+its+phosphoryla6on+by+

the+cyclin+/+CDK+complex+ inhibits+ its+ac6vity+thereby+permitng+cell+cycle+progression+ (Rufini*and*

al.,*2011).+

Promoter)binding)affinity)regula;ons)

The+ combina6on+ of+ postKtransla6onal+ modifica6ons+ allow+ p73+ ac6va6on+ in+ response+ to+ DNA+

damage,+but+also+ its+ interac6on+with+ certain+proteins+ that+have+ the+ability+ to+ change+ its+binding+

affinity+ to+ the+promoter+of+ its+ target+genes.+For+example,+ASPP1+and+ASPP2+ interact+with+p73+ to+

promote+the+transcrip6onal+ac6va6on+of+proKapopto6c+genes+ (Robinson*and*al.,*2008;*Patel*and*

al.,*2008).*

p53+ mutants+ (143A,+ 175H,+ 173L)+ have+ the+ ability+ to+ bind+ to+ p73+ inhibi6ng+ its+ transcrip6onal+

ac6vity.+Bruno+and+al.+showed+that+the+transcrip6on+regula6on+of+these+mutants+is+dependent+of+

Che1,+a+RNA+Pol+ IIKbindingKprotein.+ Inhibi6on+of+Che1+expression+ in+cancer+cell+ lines+enables+ the+

decrease+of+the+p53+mutants+and+DNA+repair+proteins+expression.+This+results+in+the+S+phase+arrest,+

and+in+the+accumula6on+of+DNA+damage.+This+leads+to+the+ac6va6on+of+p73+modulated+by+E2F1+to+

induce+apoptosis+(Bruno*and*al.,*2010).*

Finally,+ EBV+ infec6on,+ found+ in+ 10%+ of+ gastric+ cancer+ was+ correlated+with+ the+ inhibi6on+ of+ p73+

ac6vity.+Indeed,+the+expression+of+the+EBV+nuclear+an6gen+EBNA3C+regulates+cell+cycle+progression+

through+ its+ interac6on+ with+ p73+ but+ also+ p53.+ This+ induces+ the+ development+ of+ chemotherapy+

resistance+ (doxorubicin+ in+ the+ case+ of+ lymphoma)+ because+ of+ the+ TAp73+ ac6vity+ inhibi6on+ and+

ΔNp73+stabiliza6on.+Through+its+interac6on+with+TAp73,+the+viral+protein+is+able+to+inhibit+proteinK

protein+ interac6on+with+ other+ proKapopto6c+ factors.+ In+ addi6on,+ EBV+ is+ also+ responsible+ for+ the++

genomic+ instability+ associated+ with+ loss+ of+ expression+ of+ p73+ by+ promo6ng+ the+ promoter+

hypermethyla6on++through+DNMT*(Sahu*and*al.,*2014).+

Following+its+ac6va6on,+TAp73+is+able+to+mimic+the+p53+func6ons+through+its+role+in+cell+cycle+arrest+

and+apoptosis.+
�89



5.2. Role*in*the*cell*cycle*

TAp73+ has+ been+ shown+ to+ play+ a+ role+ in+ the+ regula6on+ of+ mitosis+ and+ in+ the+ maintenance+ of+

genomic+ stability.+ Aneuploid+ and+ polyploid+ cells+ are+ found+ in+ tumors.+ This+ is+ a+ necessary+

mechanism+to+tumor+development,+genera6ng+a+genomic+instability.+TAp73+knockdown+mice+show+

the+ presence+ of+ primary+ polyploid+ cells+ following+ the+ aberrant+ ac6va6on+ of+ the+ cyclin+ /+ CDK+

complex+ during+ the+ S+ phase.+ In+ fact,+ TAp73+ is+ located+ in+mito6c+ spindle+ and+ interacts+ with+ the+

spindle+assembly+checkpoint+(SAC)+proteins+(Bub1,+3)+allowing+their+ac6va6on.+Therefore+ it+has+a+

role+in+the+sensing+of+improper+aqachment+of+sister+chroma6n+to+the+mito6c+spindle+and+delay+the+

anaphase+un6l+all+chromosomes+are+ready+to+segregate.+In+the+case+of+a+prolonged+mitosis+arrest+

or+ a+ failure+ of+ the+ SAC,+ TAp73+ has+ the+ ability+ to+ induce+ cell+ apoptosis+ (Tomasini* and* al.,* 2008;*

Tomasini*and*al.,*2009;*Vernole*and*al.,*2009).*

TAp73+ also+ allows+ the+ cell+ cycle+ arrest+ in+G1+ in+ response+ to+DNA+damage+ by+ the+ transcrip6onal+

ac6va6on+of+p21+and+p57.+Conversely,+ΔNp73+is+able+to+inhibit+their+expressions+by+compe6ng+with+

TAp73+on+their+response+elements+or+by+its+oligomeriza6on+with+TAp73,+inhibi6ng+its+ac6vity.+Like+

p53,+it+can+also+stop+the+cycle+in+the+G2/M+transi6on+by+inhibi6ng+the+ac6vity+of+different+factors+

such+as+the+Cyclin+B1+/+cdc2+complex+(Alloca-*and*al.,*2012).+Moreover+TAp73+prevents+replica6ve+

immortality.+Telomeres+represent+the+guardians+of+the+chromosomal+integrity.+Telomeres+length+is+

reduced+ each+ cell+ cycle,+ and+ apoptosis+ of+ the+ cell+ is+ induced+when+ they+ become+ too+ short.+ An+

increase+in+the+hTERT+telomerase+expression,+modulated+by+SP1,+is+observed+in+cancers+to+prevent+

apoptosis.+ TAp73+ has+ the+ ability+ to+ inhibit+ the+ transcrip6onal+ ac6va6on+ of+ hTERT+ by+ compe6ng+

with+ SP1+ (Hanahan* and* al.,* 2011;* Beitzinger* and* al.,* 2006).+ Conversely,+ ΔNp73+ allows+ hTERT+

induc6on+by+disrup6ng+the+ forma6on+of+ the+E2F/Rb+complex+ (Racek*and*al.,*2005).+Addi6onally,+

through+its+direct+ interac6on+with+Rb,+ΔNp73+leads+to+ its+hyperphosphoryla6on+and+thus+the+cell+

cycle+progression+(S-ewe*and*al.,*2003).+

5.3. Apoptosis*

The+genera6on+of+heterozygous+model+for+p73+and+p53+shows+a+more+aggressive+tumor+phenotype+

that+be+one+observed+with+mice+heterozygous+ for+p53+alone* (Irwin*and*al.,*2003;*Flores*and*al.,*

2005).+These+observa6ons+tend+to+assume+that+p53+requires+the+p73+ac6vity+to+induce+apoptosis,+

unlike+p73+who+has+the+ability+to+play+its+role+of+tumor+suppressor+in+absence+of+p53.+These+results+

are+supported+by+the+switch+for+the+p73+expression+and+the+ ini6a6on+of+apoptosis+observed+ in+a+

model+of+AML+and+breast+cancer+in+a+prolonged+lack+of+p53+(Chakraborty*and*al.,*2010).+
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Apoptosis+induced+by+p73+requires+the+presence+of+MLH1,+a+MMR+protein,+and+cKAbl+in+response+to+

cispla6n.+ This+ has+ been+ demonstrated+ in+ colon+ cancer+ cells+ and+ in+mouse+ embryonic+ fibroblasts+

(MEF)+deficient+for+the+two+factors.+In+response+to+ionizing+radia6on+and+DNA+damaging+agents,+cK

Abl+will+be+ac6vated+by+the+MMR+and+interact+with+p73+and+p300+(Gong*and*al.,*1999;*Yuan*and*

al.,*1999;*Agami*and*al.,*1999).+The+forma6on+of+this+complex+is+promoted+by+the+ac6vity+of+YAP1+

(Yes+Associated+Protein)+and+Pin1+(prolyl+Isomerase)+and+its+interac6on+with+PMS2+(MMR+protein)+

(Lapi* and* al.,* 2008;* Urist* and* al.,* 2004b;* Mantovani* and* al.,* 2004).+ cKAbl+ will+ allow+ the+

phosphoryla6on+and+the+accumula6on+of+p73.+Nozell+et+al.+ showed+that+cKAbl+was+necessary+ for+

the+acetyla6on+of+p73+by+the+p300+/+PCAF+complex*(Nozell*and*al.,*2003).+The+acetyla6on+of+target+

genes+ involved+in+cell+cycle+arrest+(p21,+p57)+mediated+by+p300+is+not+required+in+contrast+to+the+

proKapopto6c+ genes+ (BAX)+ (Costanzo* and* al.,* 2002;* Zeng* and* al.,* 2001).+ This+ is+ followed+ by+ the+

induc6on+of+the+intrinsic+apopto6c+pathway+through+the+ac6va6on+of+Bax+and+Puma.+Moreover,+as+

p53,+p73+is+able+to+regulate+the+ac6vity+of+the+death+receptors+involved+in+the+extrinsic+apopto6c+

pathway.+

Conversely,+ ΔNp73+ promotes+ cell+ survival,+ but+ also+ modulates+ the+ chemosensi6vity+ of+ the+ cell.+

Müller+and+al+describe+ that+ the+an6Kapopto6c+effect+of+ΔNp73+ takes+effect+at+different+ stages+of+

apoptosis,+ from+ the+ death+ receptor+ to+ the+ mitochondria.+ It+ is+ important+ to+ define+ the+ ra6o+ of++

TAp73/ΔNp73+to+predict+the+clinical+response+following+chemotherapy+(Müller*and*al.,*2005).+

6.p53)family)members)and)HDAC)
As+I+already+described,+p53+stability+and+ac6vity+are+dependent+on+postKtransla6onal+modifica6ons+

such+as+acetyla6on.+p53+was+ the+first+nonKhistone+substrate+described+ to+be+ target+by+ the+HDAC+

(Gu*and*al.,*1997).+ In+this+context,+p53+inac6va6on,+frequently+found+in+many+cancers+can+be+the+

result+ of+ its+ deacetyla6on+ by+ the+ HDAC+ enzymes+ promo6ng+ tumorigenesis.+ In+ fact,+ HDAC+ can+

directly+ or+ indirectly+ modulate+ p53+ expression+ and+ ac6vity+ depending+ on+ the+ cellular+ context.+

Furthermore,+upon+DNA+damage,+p53+itself+has+the+ability+to+recruit+HDAC+through+its+interac6on+

with+the+the+coKrepressor+complex+mSin3A+for+the+repression+of+p53+target+genes,+such+as+MAP4+

and+STATHMIN,+two+an6Kapopto6c+factors*(Murphy*and*al.,*1999).+

6.1. Consequences*of*p53*deacetyla-on*

p53+deacetyla6on+can+ leads+to+ its+degrada6on+through+the+MDM2+/+HDAC+coKrepressor+complex+

forma6on.+ The+ acetyla6on+ of+ p53+ prevents+ its+ degrada6on+ by+ MDM2:+ acetylated+ residues+

correspond+to+those+normally+ubiqui6nylated+(Chan*and*La*Thongue,*2001;*Brooks*and*al.,*2011).+
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Ito+ and+ al+ show+ that+ MDM2+ is+ able+ to+ inhibit+ p53+ acetyla6on+ through+ its+ binding+ to+ the+

acetyltransferases+ p300/CBP,+ reducing+ their+ ac6vity+ and+ thereby+ inducing+ p53+ proteasomal+

degrada6on.+However,+HDACi+treatment+restores+p53+acetyla6on+highligh6ng+HDAC+implica6on+in+

this+mechanism+ (Ito*and*al.,*2001).+ Indeed,+MDM2+has+the+ability+to+recruit+HDAC1+allowing+p53+

deacetyla6on+ and+ ubiqui6na6on.+ Thus,+ ectopic+ expression+ of+ a+ dominant+ nega6ve+ mutant+ of+

HDAC1+restores+p53+acetyla6on#(Ito*and*al.,*2002).**

p53+ acetyla6on+ induces+ also+ the+ conforma6onal+ change+ of+ its+ DBD+ and+ therefore+ its+ sequence+

specific+recogni6on+and+transcrip6onal+ac6vity+(Hupp*and*al.,*1995).*p53+deacetyla6on+by+HDAC1+

reduces+ its+ability+ to+ac6vate+ its+ target+genes+ such+as+BAX,+ an+an6Kapopto6c+gene+ (Juan*and*al.,*

2000).+ In+ parallel+ to+ the+ discovery+ of+ Juan+ and+ his+ colleagues,+ Luo+ and+ al.+ described+ that+ p53+

deacetyla6on+ by+ HDAC1+ is+ the+ result+ of+ its+ interac6on+ with+ the+ coKrepressor+ complex+ NuRD,+

reducing+p53+ability+to+induce+cell+cycle+arrest+and+apoptosis*(Luo*and*al.*2000).+

6.2. Indirect*modula-ons*of*p53*/*p73*ac-vity*by*the*HDAC*

The+transcrip6onal+ac6vity+of+p53+may+be+modulated+by+HDACs+regardless+of+its+acetyla6on+level.+

Harms+and+al+showed+that+HDAC2+knockdown+in+breast+cancer+cells+ induced+a+cell+cycle+arrest+ in+

G1+ phase,+ a+ reduc6on+ in+ cell+ prolifera6on+ and+ the+ development+ of+ cell+ senescence+ via+ p53.+

Dele6on+of+HDAC2+leads+to+a+higher+transKrepression+(MYC,+CCNB1)+and+transKac6va6on+(CDKN1A)+

of+p53+target+genes.+HDAC2+however+has+no+effect+on+the+acetyla6on+level+of+p53+but+on+its+ability+

to+bind+to+DNA.+Through+ its+ability+to+ interact+with+the+topoisomerase+ II,+HDAC2+could+modulate+

the+chroma6n+structure+which+will+affect+p53/DNA+binding+ac6vity+(Harms*and*al.,*2007).+

p53+mutants+are+found+in+more+than+50%+of+cancers+and+are+implicated+in+resistance+mechanisms+

to+chemotherapy.+HDAC8+has+the+ability+to+upregulate+the+transcrip6onal+expression+of+mutant+p53+

via+HOXA5.+HOXA5+ is+ a+ known+ transcrip6onal+ factor+ implicated+ in+ the+posi6ve+ regula6on+of+p53+

transcrip6on.+ Indeed,+ HDAC8+ knockdown+ causes+ the+ reduc6on+ of+ cell+ prolifera6on+ and+ the+

induc6on+of+ cell+ cycle+ arrest+ in+ colon+ cancer+ cells.+ The+mechanism+ involved+ in+ the+ regula6on+of+

HOXA5+by+HDAC8+is+not+yet+known+(Yan*and*al.,*2013).+Furthermore,+HDAC6+has+been+described+to+

be+a+posi6ve+regulator+of+HSP90+ac6vity+required+for+its+management+of+many+oncogenes+such+as+

p53+ mutants.+ The+ knockdown+ of+ HDAC6+ leads+ to+ the+ acetyla6on+ of+ HSP90+ and+ thus+ the+

degrada6on+of+its+client+proteins#(Li*and*al.,*2011;*Hong*and*al.,*2014).++
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Interes6ngly,+ Zhang+ and+ al.+ described+ HDAC1+ as+ a+ key+ regulator+ of+ p73+ stabiliza6on.+ HDAC1+

knockdown+leads+to+the+decrease+in+TAp73+halfKlife+in+normal+and+DNA+damage+condi6ons.+Loss+of+

HDAC1+ expression+ results+ in+ the+ hyperacetyla6on+ of+ HSP90,+ making+ it+ inac6ve.+ HSP90+ can+ no+

longer+interact+and+stabilize+TAp73+leading+to+its+proteasomal+degrada6on*(Zhang*and*al.,*2013c).#

These+experiments+show+a+tumor+suppressor+and+oncogenic+ac6vity+of+HDAC+and+Hsp90.+

7.p53)family)members)and)miRNA)pathway)
The+presence+of+p53+mutants+ in+gastric+tumors+results+ in+the+decrease+of+a+subset+of+miRNA.+For+

example,+miRK34a,+ a+ really+well+ known+ target+ of+ p53,+ is+ frequently+ downregulated+ in+GC.+ It+was+

shown+ to+ decrease+ migra6on+ and+ invasion+ by+ inhibi6ng+ the+ EMT+ pathway+ and+ enhancing+

apoptosis.+ It+ regulates+ this+ process+ by+ suppressing+ SNAIL+ and+Bcl2+ expression.+ Restora6on+of+ its+

expression+inhibits+the+tumorspheres+forma6on+in+gastric+cancer+cell+ lines+and+sensi6zed+them+to+

current+chemotherapies+like+cispla6n+(Ji,*Q.*and*al.,*2008;*Ji,*Q.*and*al.,*2009).++

7.1. p53*U*miRNA*feedback*loop*

As+ I+ have+ already+ described,+miRNA+with+ a+ tumor+ suppressor+ ac6vity+ can+ be+ ac6vated+ by+ some+

transcrip6on+ factors+ such+as+p53.+ Inac6va6on+of+p53+ in+many+cancers+ results+ in+a+ loss+of+miRNA+

expression+with+ growth+ suppressive+ roles* (Jansson* and* al.,* 2012;)Rokavec* and* al.,* 2014).+Many+

miRNA+are+under+direct+or+indirect+control+of+p53.+

Analysis+ of+ the+miRNA+expression+profile+ in+ response+ to+ p53+ ac6va6on+ through+ genotoxic+ stress+

allowed+to+highlight+the+family+members+miRK34+(a,+b+and+c)+as+the+most+highly+regulated+by+p53+

(Chang*and*al.,*2007;*He*and*al.,*2007;*Tarasov*and*al.,*2007).+Transcrip6on+of+their+priKmiRNA+is+

under+ the+ control+ of+ p53.+ The+members+ of+ the+miRK34+ family+ have+ the+ ability+ to+ target+mRNAs+

expression+ involved+ in+ cell+ cycle+ regula6on+ (CDK4/6,+ cdc25C)+ but+ also+ oncogenes+ (Myc,+ Bcl2)+

(Hermeking,*2012).+In+view+of+the+signaling+pathways+regulated+by+these+miRNAs,+we+can+conclude+

that+miRK34+ is+ an+ important+ relay+ in+ the+establishment+of+ the+nega6ve+ tumor+growth+ regula6on+

(RaverUShapira* and* al.,* 2007;* Tarawa* and* al.,* 2007).Other+ miRNAs+ have+ been+ described+ to+ be+

regulated+ by+ p53.+ For+ example,+ miRK107,+ miRK200+ and+ miRK192+ inhibit+ angiogenesis+ and+ EMT+

(Chang*and*al.,*2011;*Yamaguchi*and*al.,*2010).++

Furthermore,+ p53+ is+ able+ to+ ac6vate+ transcrip6on+ of+ certain+ miRNAs+ known+ to+ target+ the+

expression+of+its+repressor+MDM2+(miRK194,+miRK215)+(Pichiorri*and*al.,*2010;*Xiao*and*al.,*2011).+

p53+can+also+suppress+directly+the+ac6vity+of+some+oncomiR+(miRK224,+miRK502,+miRK17K92+cluster).+

�93



The+miRK17K92+ cluster+ expression+ is+ altered+ in+ many+ cancers+ such+ as+ in+ colon+ cancer.+ They+ are+

involved+ in+ genomic+ amplifica6on+ process+ and+ promote+ prolifera6on,+ survival,+ and+ tumor+

angiogenesis.+ Yan+ and+ al.+ showed+ that+ expression+ of+ this+ cluster+ was+ decreased+ in+ response+ to+

hypoxia+by+a+direct+p53+repression*(Yan*and*al.,*2009).+

Conversely,+some+miRNA+may+regulate+the+expression+of+p53+inducing+its+transla6onal+repression.+

miRK125b+was+the+first+described+for+ its+role+as+a+p53+repressor+by+Le+and+colleagues+(Le*and*al.,*

2009).+ Furthermore+miRK125b+has+ the+ capacity+ to+ regulate+ p53+ target+ genes,+ such+ as+ Puma+and+

CDC25C.+ Through+ its+ ac6vity,+ it+ can+ regulate+ the+ balance+ of+ genes+ involved+ in+ the+ arrest+ of+

prolifera6on+and+in+the+apoptosis.+Its+expression+is+altered+in+many+cancers+like+in+colorectal+cancer+

and+it+is+correlated+with+the+tumor+size,+the+invasive+poten6al+of+the+tumor+and+the+poor+prognosis+

for+pa6ents*(Nishida*and*al.,*2011;*Le*and*al.,*2011).+

Finally,+p53+plays+an+ important+role+ in+the+regula6on+of+miRNA+biogenesis.+For+example,+p53+has+

the+ ability+ to+ interact+with+ p68+ (a+ RNA+helicase).+ p68+ forms+ a+ complex+with+Drosha+ to+ promote+

specific+miRNA+processing+(Suzuki*and*al.,*2009).+Furthermore,+a+fine+feedback+loop+between+p53+

and+Dicer+is+described+by+Boominathan.+p53+has+the+ability+to+modulate+Dicer+expression+through+

the+ac6va6on+of+certain+miRNAs+(miRK15/16a,+miRK206,+miRK103),+thus+promo6ng+the+matura6on+

of+miRNA+ involved+ in+ the+ inhibi6on+of+growth+and+ induc6on+of+apoptosis+ (Boominathan*and*al.,*

2010).+ However,+ the+ knockout+ of+ Dicer+ leads+ to+ the+ ac6va6on+ of+ p53+ to+ induce+ an+ arrest+ of+

prolifera6on+ and+ the+ development+ of+ senescence.+ p53+ has+ a+ role+ of+ checkpoint+ to+monitor+ the+

miRNA+process+ (Mudhasani*and*al.,*2008).+Finally,+Dicer+ is+known+to+be+regulated+by+p63,+which+

may+itself+be+altered+by+its+oligomeriza6on+with+the+mutant+p53+(Su*and*al.,*2010).+

7.2. p73*U*miRNA*feedback*loop*

Involvement+of+p73+in+the+regula6on+of+miRNA+has+been+described+for+the+first+6me+by+Sompath+

and+colleagues+in+2005.+They+have+shown+that+the+treatment+of+chronic+lymphocy6c+leukemia+(CLL)+

by+HDAC+ inhibitors+ induces+a+p73Kdependent+apoptosis.+ Indeed+ treatment+with+a+HDACi+allowed+

the+rise+of+repression+for+miRK106b.+This+miRNA+has+the+ability+to+induce+the+degrada6on+of+ITCH,+

responsible+for+the+degrada6on+of+p73,+and+thus+to+enhance+the+intrinsic+apoptosis+pathway+(Rossi*

and*al.,*2009;*Sampath*and*al.,*2009;*Rivet*di*Val*Cerno*and*al.,*2009).+Thereaner,+TAp73+and+p21+

have+been+described+in+the+transcrip6onal+ac6va6on+of+miRK200c+for+its+inhibi6on+of+ZEB1.+ZEB1+is+

involved+ in+ the+ EMT+ and+ the+metasta6c+ development,+ but+ above+ all+ it+ is+ able+ to+ inhibit+ TAp73+

expression*(Shimono*and*al.,*2009;*Burk*and*al.,*2008).+
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TAp73+ induces+ the+ expression+ of+ the+ LetK7+ family+ members,+ known+ for+ their+ tumor+ suppressor+

ac6vity.+The+LetK7+members+can+trigger+Ago2+ac6va6on+to+ favor+ their+own+process.+However+the+

processing+of+LetK7+may+be+inhibited+by+the+induc6on+of+Lin28b+through+cKMyc.+Therefore,+p53+and+

TAp73+are+able+to+reac6vate+the+processing+of+LetK7+due+to+the+induc6on+of+miRK145+which+is+able+

to+target+cKMyc+and+thus+allows+the+EMT+and+tumor+invasion+inhibi6on+(Schwamborn*and*al.,*2009;*

Boominathan*and*al.,*2010;*Ryback*and*al.,*2008;*Viswanathan*and*al.,*2008).+

With+ bioinforma6c+ analysis,+ Boominathan+hypothesized+diverse+mechanisms+ for+ p73+ to+ regulate+

the+biogenesis+of+miRNAs.+Indeed,+there+are+some+response+elements+for+the+p53+family+members+

in+Dicer+promoter+ that+may+allow+ its+ regula6on.+Moreover,+p73+may+ interact+ through+ its+binding+

domain+PY+with+the+WW+domain+of+DGRC8,+leading+to+its+regula6on*(Boominathan*and*al.,*2010).+

TRIM32,+an+ubiqui6n+ligase,+is+implicated+in+Ago1+ac6va6on,+to+promote+a+specific+miRNA+process+

(LetK7,+ miRK134,+ miRK214,+ miRK181).+ Interes6ngly,+ bioinforma6c+ analysis+ of+ TRIM32+ promoter+

reveal+puta6ve+binding+site+for+p73.+In+addi6on,+the+results+of+microarray+show+that+the+expression+

of+TRIM32+is+correlated+with+that+of+TAp73*(Rosenbluth*and*al.,*2008).+

Currently+it+is+difficult+to+iden6fy+specific+miRNAs+regulated+by+the+p73+isoforms.+This+is+explained+

by+the+lack+of+tools+to+study+them+and+the+lack+of+specific+p73+response+elements+described,+the+

majority+being+shared+with+p53.+
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V. OBJECTIVES)
The+main+obstacles+to+the+development+of+more+effec6ve+treatment+for+the+gastric+cancer+are+the+

delay+in+diagnosis,+the+lack+of+knowledge+of+the+mechanisms+involved+in+the+frequent+resistance+to+

an6Kcancer+ drugs+ and+ the+ lack+ of+ prognos6c+ molecular+ markers,+ allowing+ the+ treatment+

adapta6on.+ Our+ group+ studies+ the+ molecular+ mechanisms+ involved+ in+ the+ progression+ and+

aggressiveness+ of+ stomach+ cancer,+ focusing+ on+ the+ epigene6c+ modifica6ons,+ the+ p53+ family+

members+and+how+gastric+cancer+cells+respond+to+current+chemotherapy+such+as+cispla6n.+So+my+

thesis+ project+ includes+ three+ complementary+ parts+ that+ have+ a+ common+ goal+ to+ improve+ our+

knowledge+on+current+chemotherapy+resistance+mechanisms+such+as+cispla6n+and+to+develop+new+

therapies+with+ruthenium+organometallic+compounds.+

1. Iden6fica6on+ of+ signaling+ pathways+ deregulated+ in+GC+ by+ cispla6n,+ a+ reference+ drug,+ and+ the+

ruthenium+compounds+(RDC),+a+drug+being+developed,+using+microarray+data.+

2. Characteriza6on+of+certain+signaling+pathways+deregulated+in+GC+in+response+to+cispla6n,+as+the+

histone+deacetylase+(HDAC)+and+miRNAs,+and+determined+their+interac6on+with+the+p53+family.+

3. Establishment+ of+ a+ combina6on+ therapy+ protocol+ in+ GC+ using+ a+ reference+ therapy+ (cispla6n,+

oxalipla6n)+and+a+developing+therapy+(inhibitor+of+HDACs).+
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VI. RESULTS)(OBJECTIVE)1))

1. A) ruthenium) an;cancer) compound) interacts) with) histones) and)

impacts) differently) on) epigene;c) and) death) pathways) compared) to)

cispla;n)
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Abstract 

Ruthenium complexes are considered as potential replacements for platinum compounds in 

cancer therapy. Their clinical development is handicapped by a lack of consensus on their 

mode of action. In this study, we identify three histones (H3.1, H2A, H2B) and the histone 

binding protein as possible targets for an anticancer redox organoruthenium compound 

(RDC11). Using purified histones we confirmed a direct interaction between RDC11 and 

histones that impacts on histone complex formation. A comparative study of RDC11 with 

cisplatin shows differential histone epigenetic modifications that correlate with differential 

expression of histone deacetylase (HDAC) genes. To characterize the impact of these 

epigenetic modifications on signaling pathways we performed a transcriptomic study. 

Clustering analyses showed gene expression signatures specific for cisplatin (42%) and for 

RDC11 (30%). Signaling pathway analyses pointed to specificities distinguishing RDC11 from 

cisplatin. For instance, cisplatin triggers preferentially p53 and folate biosynthesis while 

RDC11 induces reticulum endoplasmic stress and trans-sulfuration pathways. To further 

understand the role of HDAC in these regulations, we used SAHA and showed that it 

synergizes with cisplatin cytotoxicity while antagonizing RDC11 activity. This study provides 

critical information for the characterization of signaling pathways differentiating both 

compounds. In particular, by the identification of a non-DNA direct target for a ruthenium 

complex. 

Introduction 

Transition metal complexes, including those of ruthenium, have been under investigation for 

several years as scaffolds for generating novel molecules harboring anticancer properties. 

These metals present interesting properties that provide advantages for designing cytotoxic 

compounds such as: enabling, otherwise inaccessible to carbon-based chemistry, an 

octahedral geometry, a wide variety of redox potentials, accessibility of numerous oxidation 

states (I to IV) and interesting ligand exchange rate allowing covalent interactions with 

biological macromolecules (1,2). In addition, ruthenium is hypothesized to be less toxic than 

platinum as it might be eliminated by iron metabolism mechanisms. A multitude of ligands 

have been used to produce different ruthenium complexes in the redox state (II) or (III). Most 

of the compounds were generated through complexion with a nitrogen atom within the 

ligand. Alternatively, organo-ruthenium compounds were generated via a covalent bond with 

a carbon (C) of the ligands. In vitro and in vivo biological studies established that several of 

these ruthenium-based compounds show high cytotoxicity towards a wide range of cancer 
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cells and reduced side effects (1-12). Gratifyingly, ruthenium-based complexes are not 

affected by platinum-induced resistance mechanisms. Based on these characteristics, two 

ruthenium-based complexes, NAMI-A and KP1019, have been tested in phase I and II clinical 

trials (13,14). However, the lack of success of ruthenium compounds in late stage clinical trials 

may reside in part in the relative lack of understanding of their exact mode of action and the 

important chemical determinants involved. 

In this respect, the mechanism of action of ruthenium-based complexes remains a matter of 

debate. Several modes of action have been proposed, which include interaction with DNA 

and activation of DNA damage pathways (15-19), inhibition of kinases (20) or other enzymatic 

activities (21,22), including extracellular metallo-proteases (23). This variability may be due to 

differences in the structure of the ruthenium complexes, which reside in the variation of the 

nature of the ligands but also the type of bond linking the ligand to the ruthenium atom. In 

addition, no global approaches have been described so far that would give a more exhaustive 

and comprehensive understanding of the signaling pathways that are triggered in response to 

ruthenium-based compounds. 

In this study, we have analyzed direct protein targets of RDC11 and changes in gene 

expressions caused by this complex in comparison to the well-established anticancer metal-

based drug cisplatin. RDC11 is an organo-ruthenium compound in which two acetonitriles, 

one phenanthroline, and one 2-phenylpyridine ligand are linked to the metal. The 2-

phenylpyridine is cyclometalated to the ruthenium, i.e. it is bound to Ru via the nitrogen’s lone 

pair and an ortho carbon atom of the phenyl unit. We previously demonstrated that RDC11 is 

highly cytotoxic (IC50 between 1-5µM) on multiple cell lines including cisplatin resistant cells 

(18,24). Importantly, RDC11 reduces tumor growth in different models, including mouse 

syngeneic models (melanoma, lung cancer) and human xenografted models (glioma and 

ovarian cancer), with a reduced toxicity towards healthy tissues compared to cisplatin (24,25). 

We have also previously shown that RDC11 and related compounds such as RDC34 induce 

p53-dependent and Endoplasmic Reticulum (ER) stress pathways. However, we also showed 

that both pathways could not account for all the biological effect of RDC11-related 

compounds (18,25,26). Finally, structure activity studies have indicated that RDC11 and 

RDC34’s cytotoxicity is at least partly related to their redox potential and the production of 

reactive oxygen species (24,27). 

To understand the mode of action of RDC11 we have used a proteomic approach identifying 

histones as potential proteins targeted by RDC11 and we have established the impact on the 

cellular transcriptome to identify novel signaling pathways that could elucidate the biological 

activity of RDC11. In addition, we have performed this analysis comparatively to cisplatin in 
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order to characterize specific signatures or similarities between cisplatin and our 

organoruthenium compound. 

Materials and methods 

Chemicals 

Cisplatin, pifithrin, SAHA and salubrinal were purchased from Sigma. RDC11 was synthesized 

and purified as previously described (18).  

Cell cultures 

U87, AGS and HCT116 cells were obtained from ATCC. Cells were manipulated and cultured 

in DMEM with 10% FCS (Dominique DutcherTM) and 1% Penicillin + Streptomycin (Sigma) at 

37°C with 5% CO2 atmosphere as previously described (28). 

Cell survival assay 

2000 cells were seeded per well in 96-well microplates (Falcon Multiwell), 48 h prior to any 

treatment. Cisplatin and RDC11 were applied for 48  h in fresh medium. MTT assay was 

performed as previously described by replacing the medium with fresh medium 

supplemented with 5  mg/L MTT (Sigma) for 1h (29). Cells were lysed in isopropanol with 

0.04 N HCl. Measurements were performed at 550 nm. 

Quantitative PCR.  

Cultured cells were lysed with 1ml of TRIzol (Invitrogen) per 10x106 cells and RNA extracted 

according to manufacturers instructions. RNA samples were ethanol-precipitated twice and 

1  µg was used for reverse transcription (High-Capacity cDNA Reverse Transcription Kit, 

Applied Biosystems). qPCR was performed using 2 ng/µl cDNA (RNA equivalent) according to 

manufacturers’ instructions (SYBR Green PCR Master Mix, Applied Biosystems) and with 

400 µM of each primer (Supplemental data, Table 1). Expression levels were normalized using 

average of 18S. 

Statistical analysis 

Statistical analyses were performed using a one-way ANOVA test followed by a Tukey post-test 

allowing a comparison between all the conditions. * Indicate statistical differences in graphs. 

Statistical Analyses were performed using Prism (GraphPad software). 
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Western blotting.  

Cells or tissue were lysed with LB (125mM Tris-HCl pH 6.7, NaCl 150mM, NP40 0.5%, 10% 

Glycerol). Proteins (20µg) were denatured and deposited directly (75µg of proteins) onto a 

SDS-PAGE gel. Western blotting was performed using antibodies raised against p53 (rabbit 

anti-p53, FL-393, Santa Cruz, CA), XBP1s (Santa Cruz, CA), EZH2 (Cell Signaling), H3 (Cell 

Signaling), H3K9 (Abcam) and HDAC4 (Biolegend). Secondary antibodies (anti-rabbit, anti-
mouse: Sigma, MA) were incubated at 1:1000. Loading was controlled with actin (rabbit anti- β-
actin, Sigma, 1:4000) (30). 

Results 

The cytotoxic organoruthenium complex RDC11 interacts with histones in cancer cells 

We previously showed that although RDC11 interacts with DNA this does not fully explain its 

anticancer activity (24,25,31). To identify RDC11’s putative protein targets we used an affinity 

chromatography approach in which RDC11 is covalently bound to solid matrix (HypoGel 400-

COOH) (Supplementary information S5). As a source of possible protein targets we used cell 

extracts of gastric cancer AGS cells. AGS cells are more sensible to RDC11 than to cisplatin 

(Figure 1A, B). Before loading, AGS cell extracts were treated with DNAse to maximize the 

liberation of DNA bound proteins. After incubation of the AGS cell extract for 1h with the 

RDC11-matrix, the matrix was washed several times with buffer of increasing salt concentration 

and then proteins were eluted with a solution of free RDC11. Eluted proteins were identified 

using mass-spectrometry. The experiment was repeated several times and the results were 

each time compared to proteins identified using only the naked matrix. Three histones, H3.1, 

H2A.1B and H2B.1K, and histone binding proteins, RBBP4 and RBBP7, were found repeatedly 

to bind to the RDC11-matrix (Figure 1C). Despite their small molecular weight, for each 

histone several peptides were identified by mass-spectrometry. As histones are DNA binding 

proteins and we previously showed that RDC11 binds to DNA, we decided to confirm that 

DNA did not mediate the interaction between RDC11 and histone. To do so, we used purified 

histones and incubated them with increasing amount of RDC11. The mixture was then put to 

migration in a SDS-page under non-denaturing conditions (Figure 1D). Purified histones can 

migrate in non-denaturing gels as monomer, dimer and trimers. In the presence of RDC11, 

histone H3 migrated slower and with a more diffuse pattern suggesting the presence of 

histones of higher molecular weight due to the binding of RDC11. Changes in histones 

migration were observed with histone monomers, dimers and trimers.  
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In cells, histones are the subject of multiple modifications that modulate their association with 

DNA, DNA compaction and also their translocation into the cytoplasm (32). To assess the 

impact of RDC11-histone interactions in cells, we treated gastric cancer cells with RDC11 and 

extracted histones using two different protocols that allow either a preferential extraction of a 

soluble histone fraction (NP40 extraction buffer) or a full extraction of the histones bound to 

DNA (sample buffer) (Figure 1E). We observed that already after three hours of treatment with 

RDC11 at the IC50 or the IC75 values, the soluble fraction of histone H3 was significantly 

reduced. All together these results indicated that RDC11 can bind directly to histones and that 

this binding can impact on histone function in cancer cells. 

Differential impact of RDC11 and cisplatin on histone modifications and epigenetic processes 

As RDC11 binds to histones and diminishes the more soluble fraction of histone we 

hypothesized that it might impact on the post-translational modifications of histones. We 

analyzed by Western-blot the acetylation of histone H3 at lysine 9. We observed that histone 

H3 acetylation was strongly increased by cisplatin and RDC11 already 6 hours after treatment. 

However, after 24 hours there was a significant decrease of histone H3 acetylation under the 

RDC11 conditions while it remained elevated with cisplatin (Figure 2A).  

To further understand the impact of RDC11 and cisplatin on epigenetic regulations related to 

histones, we analyzed the expression of several genes encoding for enzymes involved in 

histone modifications. RT-qPCR experiments indicated that RDC11 and cisplatin regulated 

differently the expression of several histone deacetylases (HDAC) or other enzymes such as 

EZH2 (Figure 2B). In particular the expression of HDAC4 was repressed by cisplatin and not 

affected by RDC11 while EZH2 was induced. In addition and conversely to HDAC4, HDAC9 

was induced by RDC11 and not by cisplatin. At the protein level, RDC11 induced HDAC4 at 6 

hours while cisplatin already diminished its protein levels (Figure 2C). Finally, we used a 

xenografted tumor model to establish that the inhibition of HDAC4 expression was also 

observed in vivo (Figure 2D).  

The organoruthenium complex RDC11 presents a distinct transcriptomic signature  

The ability of RDC11 to interact directly with histones and its impact on histone post-

translational modification through epigenetic regulation suggested that RDC11 might alter a 

broad range of signaling pathways. Hence to identify without bias RDC11 deregulated 

signaling pathways we performed a transcriptome analysis. In addition, to identify similarities 

and specificities in the gene regulations caused by ruthenium-based complexes versus 

platinum-based complexes, we treated cancer U87 cells at the IC50 values for RDC11 (2µM) 
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and cisplatin (3µM) (Supplementary information S3A). We chose these cells because the IC50 

of the two drugs are close allowing us to identify gene regulations under similar treatment 

conditions. We also tested two time points, 6h and 24h, in order to identify early and later 

events in the gene regulations and their possible temporal and functional relationships. For 

the identification of regulated genes, we used Affymetrix hugene10stv1 arrays and each 

condition (Control: Ct; RDC11 6h: R6; RDC11 24h: R24; cisplatin 6h: C6; cisplatin 24h, C24) 

was performed in triplicate. 

Principal component analysis of the normalized data using RMA and probe-level linear models 

validated that the data are reproducible (Supplementary information Fig. S1A, S2, S3B). To 

detect differentially expressed genes, we performed the comparative analysis between control 

and treated groups 6 hours and 24 hours after exposure. 4540 probe sets with fold change ≥ 

±1.5 and adjusted p-value ≤ 0.05 were considered as significantly regulated in at least one 

comparative analysis. To find groups of genes with similar expression pattern across the 

different conditions and thus potentially involved in the same regulatory pathways, we 

performed hierarchical clustering analysis on the set of 4540 de-regulated probe-set (Figure 

3). The analysis of the 4540 genes revealed that 922 probe-sets are de-regulated by cisplatin 

and 748 probe-sets by RDC11 6 hours after exposure (Figure 4A, Supplementary information 

Fig. S1B). After 24 hours, 2910 and 2314 probe-sets are regulated by cisplatin and RDC11 

respectively (Figure 4A). 22% to 28% (n=207) of the probe-sets are regulated both by RDC11 

and cisplatin 6 hours after treatment. These numbers increase to 38% to 48% (n=1107) by 24 

hours (Figure 4A).  

Several relevant groups of genes are deregulated. Differences in gene regulation are already 

detectable 6 hours after exposure. For instance the cluster 10, 4 and 15 are made of genes 

downregulated at 6 hours of cisplatin treatment compared to control. Overall, the effect on 

gene regulation is higher after 24 hours both in term of genes regulated and differences in 

gene expression levels (Figure 3). One group of genes (cluster 6, n=776) is characterized by 

low/moderate gene expression levels 6 hours after treatment with RDC11 or cisplatin, and 

high expression levels after 24 hours treatment. Gene set enrichment analysis revealed that 

this cluster is highly enriched for genes with functions in apoptosis (FDR < 10-5) such as p21, 

IRF1, NFKBIB, I-kB, ATF-3, PP2A regulatory, Caspase-7, C/EBP zeta, NF-kB, PPP2R5A, 

suggesting that apoptosis is induced by both chemicals at 24 hours. In addition to this 

common set of genes, clustering revealed a specific group of genes induced either by RDC11 

or cisplatin. For instance the cluster 8 (n=753), which is characterized by high expression levels 

24 hours after cisplatin treatment, is enriched for genes in “apoptosis and survival Apoptotic 

Activin A” signaling (FDR < 10-3) such Activin A, ActRIIA, Bcl-XL, p53, H-Ras, SHIP, c-Fos, while 
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this pathway is not significantly regulated in by 24h RDC11 treatment (R24). Cluster 7 (n=409) 

is another example highlighting intrinsic differences in the transcriptional changes induced by 

RDC11 and cisplatin with a group of genes highly expressed in R24 and with moderate or low 

expression levels in other conditions. Some effect of the cisplatin is mediated by specific down 

regulation of a set of 710 genes (cluster 10) enriched for function in cell adhesion via ephrin 

signaling (FDR < 10-5) such Ephrin-A, Tiam1, FAP-1, Ephrin-A5, Fyn, GRB10, Intersectin, VAV-2, 

NCK2 (Grb4), FAK1 (Supplementary table T1). Clustering into the different groups was 

confirmed by soft clustering (Supplementary information Fig. S1C) (33). This, Identifying again 

a group of genes, soft cluster A, showing a moderate decrease in their expression at 6 hour, 

which is further downregulated at 24 hours of treatment with cisplatin or RDC11, respectively. 

Another example for the different effect of cisplatin and RDC11 on a group of genes is soft-

cluster B, where cisplatin shows only a very low/moderate effect on their expression, whereas 

this group of genes is strongly upregulated by RDC11 at 24 hours of treatment. Together, 

these data suggest that cisplatin and RDC11 share some mechanism activating apoptosis, but 

overall the mechanism of actions of these two drugs is distinct. Indeed, although the absolute 

number of genes regulated in common by both chemicals reached a maximum of 48% 24 

hours after the treatment (Figure 4A), the levels of regulation as well as the early and late 

responses are different, making the transcriptional imprint unique for each chemical in the 

condition tested here.  

In order to assess a possible relative generalization of the findings to other cancer cell types 

and to validate some of the regulations observed using the arrays, we performed RT-qPCR 

analyses on U87 cells, HCT116 colon cancer cells and AGS gastric cancer cells. For this, several 

genes were chosen randomly and a representative set is shown in supplementary information 

figures S3C and S4. Results were compared to the data obtained by the microarray analyses. 

In each cell line, drugs were applied at their IC50 value for 6 or 24 hours. RT-qPCR experiments 

showed a good correlation with the results of the arrays for U87 or HCT116 cells. However, the 

correlation was not so strong for AGS cells, indicating that some of the mechanisms might be 

cell line-specific. 

The organoruthenium complex RDC11 modulates pathways distinct from cisplatin  

As indicated above, gene set enrichment analyses of different databases identified pathways 

commonly or differently affected by RDC11 and cisplatin. Figure 4B shows the number of 

genes identified by gene set enrichment analyses that are upregulated in RDC11 treated cells 

for the indicated pathway between 6 hours and 24 hours when compared to control 

conditions. As already seen in the clustering analyses (Figure 3), the overall regulations 
�105



intensified with time, such as genes involved in apoptosis (i.e. APAF1, Caspase 3). In 

correlation with apoptosis-related genes, several genes involved in selected pro-apoptotic 

pathways, such as p53 target genes, ER stress-related and oxidative stress-related genes are 

induced over time. Importantly, the expression of several genes of these pathways is already 

induced at 6 hours. In addition, genes involved in other cellular processes, such as several 

DNA damage-related genes, a few miRNAs, and multiple genes encoding enzymes involved 

in epigenetic control are upregulated over time by RDC11.  

Interestingly, when we compared the number of genes involved in these pathways and 

present at 24 hours in RDC11 or cisplatin treated cells, several differences can be identified 

(Figure 4C). For example, p53-, DNA damage- and apoptosis-related genes are more present 

in cisplatin-treated cells. Inversely, ER stress- and oxidative stress-related genes are more 

frequent in RDC11-treated cells. Note that the number of miRNAs and epigenetic-related 

genes present in RDC11- and cisplatin-treated cells is similar. Strikingly, gene set enrichment 

analyses revealed that several cellular metabolic processes were very selectively regulated by 

either RDC11 or cisplatin (Figure 4D). For example, trans-sulfuration and aminoacyl tRNA 

synthetase are selectively induced by RDC11. In contrast, genes involved in sterol biosynthesis 

and sucrose metabolism are preferentially regulated in cisplatin-treated cells. 

All together the gene set enrichment analyses indicated that RDC11 and cisplatin present 

each a preference in signaling pathways they regulate. These results clearly demonstrate that 

cisplatin and the ruthenium-based complex RDC11 have a different mode of action and 

pinpoint to some potential mechanisms that may account for the cytotoxicity of RDC11. 

Cisplatin is a more potent inducer of the p53 pathway than the organoruthenium complex 

RDC11  

To further validate some of the compound specific signatures identified by the gene set 

enrichment analyses, we performed RT-qPCR to measure the expression of p53 target genes 

in HCT116. Cells were treated for 6 hours and 24 hours with cisplatin or RDC11 at their IC50. 

Gdf15, fas, bak1 and plk3 were all induced by cisplatin and RDC11 at 24 hours (Fig. 5A, B, C, 

D). However, the induction by cisplatin was stronger and occurred often already at 6 hours of 

treatment. We then followed the protein level for p53 under the same experimental 

conditions. P53 proteins were more abundant in cisplatin-treated cells compared to RDC11-

treated cells (Fig. 5E). In addition, increased p53 protein expression was also seen at 6 hours in 

cisplatin-treated cells. To assess the importance of p53 in RDC11 biological activity, we used 

pifithrin, which is considered to be a p53 inhibitor (34). Survival of cancer cells was assessed 

using MTT assays. Pifithrin did not block the biological activity of RDC11 except at doses 
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above the IC75 values (75 % of the maximal effect of RDC11, Fig. 5F). The results indicated that 

RDC11 is less capable of inducing p53 signaling than cisplatin, but p53 may still play a role in 

the biological activity of RDC11. 

RDC11 is a more potent inducer of the ER pathway than cisplatin  

We also focused on the ER stress pathway that represented a more selective signature for 

RDC11. RT-qPCR showed that several genes, ditt3, atf4, chac1, dnajb2, involved in the ER 

stress pathway were preferentially induced by RDC11 (Fig. 6A, B, C, D). Some of these genes 

were also induced by cisplatin, but to a significantly lesser extent. To further document the 

induction of the ER stress pathway we analyzed the production of the spliced form of XBP1 

(XBP1s). XBP1s is generated from IRE1 that is itself activated by the ER stress pathway. Figure 

6E shows that RDC11 strongly induced the production of XBP1s while cisplatin had no or little 

effect. To assess whether eif-2α,a component of the ER stress pathway, is essential in the 

biological activity of RDC11 we used salubrinal, a known inhibitor of eif-2α (35). Cell survival 

was assessed by a MTT assay and revealed that salubrinal did not significantly alter the 

cytotoxicity of RDC11 (Fig. 6F). These results showed that although RDC11 stimulates 

preferentially the expression of components of the ER stress pathway, the activity of eif-2α is 

not required for RDC11 cytotoxicity. 

An HDAC inhibitor antagonizes RDC11 activity but synergizes with cisplatin in gastric cancer 

cells 

The gene set enrichment analyses also showed a strong deregulation of genes involved in 

epigenetic mechanisms (Figure 4B and C) confirming our previous observations on the effect 

of cisplatin and RDC11 on HDAC gene expression (Figure 2B, C, D). 

To further assess the importance of HDAC regulation in cisplatin and RDC11 biological activity 

in cancer cells, we used the HDAC inhibitor SAHA. MTT assays were first performed to 

establish the dose response curve of RDC11, cisplatin and SAHA in AGS cells (Fig. 7A, B and 

supplementary data). In a second step, combination treatments were performed by combining 

the two drugs at specific concentrations (i.e. IC25, IC50) accordingly to the isobologram 

protocol (36). The results were then analyzed using isobologram statistical analyses. This 

analysis performed with different combinations of HDAC inhibitor and RDC11 showed an 

antagonistic effect of the HDAC inhibitor on the cytotoxicity of RDC11 (Fig. 7D). In contrast, 

the HDAC inhibitor synergized with cisplatin cytotoxicity (Fig. 7C). This result showed again a 

significant difference between the mode of action of RDC11 and cisplatin. In particular, it 

suggests that HDAC activity might be required for RDC11 cytotoxicity but not for cisplatin.  
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To understand how SAHA might impact on RDC11 biological activity, we analyzed the p53 and 

the UPR pathway. As previously observed RDC11 induced p53 and XBP1s protein levels as 

well as their target genes (Figure 7E, F, G, H). Interestingly, co-treatment with SAHA 

significantly diminished the impact of RDC11 on both signaling pathways. These series of 

results indicate that the epigenetic regulation controlled by RDC11 plays a role in RDC11 

biological activity and changes the signaling pathways controlled by RDC11. 

Discussion 

Nowadays, the precise identification of the mode of action of a drug destined for therapeutic 

purpose is crucial. In oncology, it allows the selection of the group of patients that have the 

best chance of responding to the treatment in an “a la carte” (personalized) therapeutic 

approach in which the mode of action of the drug matches the genetic profile of specific 

tumors. It also provides markers to follow the activity of the drugs during the therapy and 

point to the direction of a possible combination therapy by combining the compound with 

other therapeutic molecules. In addition, the identification of the direct target(s) is a clear 

advantage in developing a rational optimization process aiming at an improvement of the 

therapeutic activity. The general development of ruthenium-based anticancer compounds 

toward clinical use has been clearly handicapped by the lack of consensus about their mode 

of action and the long-lasting misconception that ruthenium-based compounds represent a 

succedaneum of platinum-based compounds by acting via the same targets. To answer this 

complex problematic we investigate the possible non-DNA direct targets of a ruthenium 

based complex (RDC11) and performed an unbiased transcriptomic approach to assess the 

repercussion of these interactions on cellular signaling pathways key for the control of cell 

survival. The results of this study provided a comprehensive view on how RDC11 targets 

histones and illustrate its cellular consequences. In addition, the unbiased and global 

transcriptomic approach presented in this study provides an unique perspective on the 

respective characteristics of the organoruthenium compound RDC11 and cisplatin by 

providing information at two levels: i) a statistical evaluation of the difference and the 

similarities between the genes regulated by both drugs, ii) a list of novel genes, signaling 

pathways and metabolic processes regulated specifically by RDC11 that represents a source 

of information for pathways potentially regulated by other ruthenium-based compounds. 

Finally, this study illustrates also how such information may provide hints for developing novel 

combination treatments. In this present case, we focused on histone deacetylase (HDAC) 

regulation. 
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An organoruthenium compound interacts with histones 

Our study shows that the organoruthenium compound RDC11 interacts with several histones 

(H3, H2A and H2B) in cells (Figure 1C) and in vitro with purified histones (Figure 1D). This 

finding represents one of the very few examples of a non-DNA target for ruthenium 

complexes that has been validated using cellular extract. The ability of RDC11 to interact with 

purified histones suggests strongly that the interaction is direct. In addition, the fact that the 

interaction is still observed after several washes or in a polyacrylamide gel also indicates that 

the interaction is relatively stable. It remains to be established more precisely how the 

compound interacts with histones, such as whether it involves specific interactions and how it 

affects the proteins at the molecular and structural level. The migration pattern of the RDC11/

histone complex shows a tendency of increased trimeric forms, suggesting that the interaction 

between RDC11 and histone may favor formation of histone complexes (Figure 1D). This is 

also supported by the fact that using different protein extraction buffers, we observed that 

treatment of the cells with RDC11 leads to a decrease in the more soluble fraction of histones 

in the cells (Figure 1E). This set of results supports a precedent finding that a ruthenium 

complex of piano stool structure called READ-C interacts with histones (37). In addition, our 

study is the first demonstration of an organoruthenium compounds that interact with histone 

in cells and it also shows that ruthenium compounds have an impact on the post-translational 

modifications of histones. These modifications are part of complex and essential epigenetic 

mechanisms that are essential and complex control of gene expression (32). 

An organoruthenium compound impacts on epigenetic regulations. 

It is expected that the interaction between a ruthenium compound and histones may alter the 

complexes in which histones are involved: DNA/histones and histones/epigenetic enzymes 

modifying histones. Indeed, we observed that in cells treated with RDC11 histones have a 

different solubility and post-translational modification pattern. For instance, histone H3 levels 

are lower in the more soluble fraction and its acetylation on lysine 9 is increased (Figure 2). 

Interestingly, the acetylation pattern is different between RDC11 and cisplatin. It remains to be 

established whether the modification of solubility and acetylation is directly due to the 

binding of RDC11 to histone H3. Addressing this specific point represents a complex technical 

challenge. 

Similarly, understanding precisely the relationship between the interaction of RDC11/histones 

and the transcriptional regulation affecting the epigenetic enzymes will be also challenging. 

Indeed, if RDC11 alters the expression of HDAC and demethylases (Figure 2B-D, 4B-C), we still 

need to assess whether these are adaptation/compensation mechanisms of the chromatin to 
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the structural perturbation due to RDC11 binding, or whether it is a consequence of the 

modification of chromatin structure leading to different accessibility to transcription factors. 

Indeed, RDC11 treated cells show a change in the expression of several HDACs and other 

epigenetic modifiers. These changes are different to those induced by cisplatin. For instance, 

HDAC4 is strongly repressed by cisplatin whereas RDC11 induced significantly HDAC9. These 

changes already happen 6 hours after treatment suggesting that they participate into the gene 

expression regulation observed in cancer cells. The fact that these changes are also observed 

in vivo (Figure 2D) further support their importance for RDC11 and cisplatin’s biological and 

anticancer activity. To elucidate the impact on gene expression of these epigenetic 

modifications induced by RDC11 and/or cisplatin transcriptomic data were analyzed. 

Specificities in RDC11 and cisplatin transcriptomic profiles 

Bio-statistical analyses of the microarray data showed significant differences in the number 

and quality of the genes regulated by RDC11 or cisplatin. Among the 4540 genes that we 

identified to be regulated, less than a third were common to RDC11 and cisplatin (Figures 3, 

4). About 40% were specifically regulated by cisplatin and a third by RDC11. This difference is 

even more marked at 6 hours post-treatment, as only 1.5% of the regulated genes are 

common between cisplatin and RDC11-treated cells. The clustering analyses further 

highlighted the existence of 17 gene clusters that show significant variation of the expression 

profile over time between RDC11 and cisplatin after treatment (Figures 3, 4). The significant 

differences in the transcriptome controlled by RDC11 and cisplatin indicate that both 

compounds should trigger different signaling pathways, likely reflecting distinctive mode of 

actions.  

A more detailed analysis of the signaling pathways or cellular mechanisms that are controlled 

by the regulated genes confirmed the existence of common and distinctive effects between 

RDC11 and cisplatin. Apoptosis, DNA damage, p53, epigenetic, miRNA, ER stress and 

oxidative stress were amongst the mechanisms that were regulated by both drugs (Figures 4, 

5, 6). However, the number and the intensity of activation of the genes included in those 

pathways were often significantly different between RDC11 and cisplatin. For example, 

cisplatin induces a high number of genes involved in DNA damage, p53, and apoptosis, while 

RDC11 favors oxidative- and ER stress-related genes. The differences between both drugs are 

even more accentuated on specific metabolic pathways (Figure 4D). For example, RDC11 

specifically regulates ribosome biogenesis, while cisplatin favors sucrose metabolism. 
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Respective contribution of the p53 and ER stress pathway in RDC11 activity 

Some of these specificities were previously documented by our group, such as the preferential 

activation of the p53 pathway by cisplatin or the ER stress pathway by RDC11 in glioblastoma 

cells (24,25,31). Here, we further extended these observations by showing that these 

specificities are common to cancer cells of different origin, such as colon cancer cells 

(HCT116) or gastric cancer cells (AGS). In addition, we extended the observation to an 

additional pool of genes and to the protein level for a marker of the ER stress pathway 

(Figures 5, 6, 7). All together, these novel observations validate the preferential activation of 

the ER stress pathway by RDC11 in different cancer cell lines. With the endoplasmic reticulum 

being also the place of protein translation, it is interesting to note that RDC11 triggered a 

ribosomal biogenesis response along with the ER stress pathway (Figure 5). 

Interestingly, the preferential activation of the p53 pathway by cisplatin correlates with a 

preferential activation of DNA damage response. Hence, compared to RDC11, cisplatin 

appears to induce a coherent DNA-damage/p53 pathway response, which is also consistent 

with the preferential binding of cisplatin to DNA as compared to RDC11 (24,25,31).  

The exact contribution of the p53 pathway and the ER stress pathways in RDC11 activity have 

already been investigated previously in glioblastoma cells. Using a dominant inhibitor and 

p53-/- cell lines, we previously showed that p53 is not absolutely necessary for RDC11 

cytotoxicity (24,25). We confirmed here these results by showing that a known inhibitor of p53 

(pifithrin) does not drastically alter the activity of RDC11. We also inhibited eIE2!, a 

component of the ER stress pathway, with salubrinal, which did not alter RDC11 cytotoxicity. 

This result apparently contradicts previous data showing that the ER stress transcription factor 

CHOP is partly necessary for RDC11 full cytotoxicity (25). This apparent contradiction 

highlights the complexity of the ER stress pathway and might be explained by the fact that the 

activation of eIE2α by PERK represents only a part of the mechanisms triggered by the ER 

stress pathway (38). For example, CHOP can be induced by other mechanisms related to the 

ER stress pathway, such as ATF6. 

Respective role of epigenetic regulators in RDC11 and cisplatin cytotoxicity 

Amongst the mechanisms that were regulated differently by RDC11 and cisplatin, several 

genes encoding for histones and histone-modifying enzymes were included. These genes and 

in particular HDACs, are playing a critical role in various biological process and represent 

interesting therapeutic targets (39). Our study showed that whereas EZH2 was induced by 

both RDC11 and cisplatin, HDAC4 was preferentially repressed by cisplatin. This repression of 
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HDAC4 by cisplatin was also observed in vivo in fragments of human colon cancer 

xenografted in nude mice (Figure 2D). In addition, we observed that these gene regulations 

impact on the acetylation of histone H3 at lysine 9 in a time- and drug-dependent manner. In 

particular, 6 hours after treatment, RDC11 represses H3 acetylation while cisplatin already 

induced it. Such differential drug response correlates with a profound difference in the impact 

of HDAC inhibitors on RDC11 and cisplatin biological activity. Indeed, a known HDAC 

inhibitor, SAHA, had a synergistic anticancer activity with cisplatin in AGS human gastric 

cancer cells as previously observed by others with cancer cell lines of a different origin (40). In 

contrast, we demonstrate here that an HDAC inhibitor (SAHA) inhibits RDC11 biological 

activity as revealed by the antagonistic effect observed in the isobologram analysis. This result 

suggests that, in contrast to cisplatin, RDC11 biological activity might require the activity of 

some HDACs by modifying either the histones or some of their other targets. From a more 

therapeutic point of view, this study indicates that RDC11 is not a good candidate to be used 

in combinatory therapy with general HDAC inhibitors for it might depend on the expression 

and/or activity of HDACs in the tumor. It also confirms the potential advantage of combining 

HDAC inhibitors with platinum-based therapies in gastric cancers.  

From a more mechanistic point of view, we also show that the combination of RDC11 with 

SAHA impact on the signaling pathways regulated by RDC11. The induction of p53 and Noxa 

is almost annihilated by SAHA when combined with RDC11. Similarly, SAHA reduced XBP1s 

signaling (Figure 7). These changes in signaling may account for the differential biological 

activity of RDC11 in presence of SAHA. 

Overall this study demonstrates that RDC11 and cisplatin have different modes of action and 

trigger the regulation of different signaling pathways. If both lead to regulation of pro-

apoptotic effectors and cell cycle inhibitors, the intermediate mechanisms are quite different. 

These differences have profound consequences as it will define how we might use RDC11 on 

tumors with specific signatures (i.e. p53 mutated or not) or with specific other therapeutic 

molecules. It remains for us to establish how these findings can be generalized to other 

ruthenium-based compounds or even other metal-based compounds. Our previous studies, 

as well as those of others showing that ruthenium- or osmium-based compounds with 

different ligands trigger similar regulation of p53 and ER-stress pathways suggest that the 

findings of this study might point out potential signaling pathways targeted by other metal-

based compounds (24) (19,20,41,42).  
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Significance 

Ruthenium compounds have been developed as a possible replacement for platinum 

compounds, but only few have reached early phase clinical trial. Their clinical development is 

handicapped by lack of consensus on their mode of action that is often considered being 

similar to cisplatin. In this study we identify histones as direct targets for an organoruthenium 

compound (RDC11) and we performed an unbiased comparative study on gene expression 

triggered by cisplatin and RDC11. Gene ontology and signaling pathway analyses pointed to 

major specificities distinguishing RDC11 from cisplatin, including expression change in 

epigenetic enzymes. This study represents the first approach that summarizes the significant 

differences in the mode of action of organoruthenium compounds compared to cisplatin.  
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Figure legends 

Figure 1: A. Schematic representation of cisplatin and RDC11. B. Survival curve of cancer cells 

AGS treated with cisplatin or RDC11. Cells were treated for 48 hours in 96-well plates and their 

survival was evaluated by MTT assay (n=8). C. Table indicating the number of peptides of 

histones and histone related proteins present in the RDC11 affinity chromatography and mass 

spectrometry analysis of cell extracts. Repeats are the number of experiment with presence of 

the peptides out of three experiments done. D. Migration of histone H3-RDC11 complex on 

non-denaturing SDS-Page. 100ng of histone H3 was incubated with increased concentrations 

of RDC11 (R 0.05 to 0.25µM) for 1 hour. M is the molecular marker. Image is a silver stained 

gel of the complex showing the monomeric, dimeric and trimeric forms. E. Proteins were 

extracted with the indicated buffer (NP40 or sample buffer) from AGS cells treated with RDC11 

at the IC50 and the IC75 for 6 hours. Western blot analysis revealed histone H3 and actin 

protein level. 

Figure 2: A. Proteins were extracted from AGS treated with RDC11 (R6, R24) or cisplatin (C6, 

C24) for the indicated time (6h, R6 and C6; 24h, R24 and C24) using sample buffer. Western 

blot analysis revealed histone H3 acetyl lysine 7 (H3AK7), histone H3 (H3) and actin 

expression. Quantifications of H3AK7/H3 are indicated bellow as measured by Pixi imager. B 

Curves are fold induction versus the control (Ct) for selected histone-modifying enzymes in 

RDC11 and cisplatin conditions. mRNA levels were assayed in AGS gastric cancer cells by RT-

qPCR. Curves are means of fold induction versus the control (Ct) with SD (n=3). *: p < 0.01.  C. 

Proteins were extracted from AGS treated with RDC11 (R6, R24) or cisplatin (C6, C24) for the 

indicated time. Western blot analysis revealed EZH2, HDAC4, and actin expression. D. mRNA 

levels of hdac4 were assayed by RT-qPCR in fragments of human colon cancer xenografted in 

nude mice and after the treatment with cisplatin or RDC11. Graphs are means of fold 

induction versus the control (Ct) with SD (n=5). *: p < 0.01.   

Figure 3: Hierarchical clustering. Clustering of expression of 4540 probe-set significantly 

regulated in at least one treated group compared to control. Rows represent gene expression 

and columns biological samples. Gene expression levels are represented as scaled expression 

values (row Z-score from -3 to +3). Blue: low expression, Red: high expression, white: 

moderate expression. 17 different clusters are detected, indicated by their number and 

different color next the probe-set tree. C6: Cisplatin exposure for 6hrs; C24: Cisplatin 

exposure for 24hrs; R6: Ruthenium exposure for 6hrs; R24:  Ruthenium exposure for 24hrs. 
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Figure 4: Signaling pathways and mechanisms regulated by cisplatin or RDC11. A. Venn 

diagram. Significantly mis-regulated probe sets between control and exposed conditions are 

compared to highlight genes shared or specific to each group. C6: Cisplatin exposure for 

6hrs; C24: Cisplatin exposure for 24hrs; R6: Ruthenium exposure for 6hrs; R24:  Ruthenium 

exposure for 24hrs. B, C, D. Graphs represents number of genes in the indicated pathways that 

are regulated by RDC11 at 6 hours or 24 hours (B) or by RDC11 and cisplatin at 24 hours (C, 

D). Microarray data were analyzed using AltAnalysis and R bioinformatics tools to identify in 

KEGG, Gene Ontology, miRNA, transcription factors databanks, the signaling pathways and 

mechanisms corresponding to the mis-regulated genes.  

Figure 5: mRNA levels of gdf15 (A), fas (B), plk3 (C) and bak1 (D) were assayed in cancer cells 

by RT-qPCR. Curves are means of fold induction versus the control (Ct) with SD (n=3). *: p < 

0.01. E. Proteins were extracted from cells treated with RDC11 (R6, R24) or cisplatin (C6, C24) 

for the indicated time. Western blot analysis revealed p53 and actin expression. F. Survival 

curve of AGS cells treated with RDC11 and pifithrin-α (10µM). Cells were treated for 48 hours in 

96-well plates and their survival was evaluated by MTT assay (n=8). 

Figure 6: mRNA levels of ddit3 (A), atf4 (B), chac1 (C) and dnajb2 (D) were assayed in cancer 

cells by RT-qPCR. Curves are means of fold induction versus the control (Ct) with SD (n=3). *: p 

< 0.01. E. Proteins were extracted from HCT116 treated with RDC11 (R6, R24) or cisplatin (C6, 

C24) for the indicated time. Western blot analysis revealed XBP1s and actin expression. F. 

Survival curve of AGS cells treated with RDC11 and salubrinal (10µM). Cells were treated for 

48 hours in 96-well plates and their survival was evaluated by MTT assay (n=8). Bars are means 

of fold induction versus the control (Ct) with SD (n=3). *: p < 0.01. 

Figure 7: Survival curve of AGS cells treated with SAHA (A) and RDC11 (B). Cells were treated 

for 48 hours in 96-well plates and their survival was evaluated by MTT assay (n=8). Bars are 

means of fold induction versus the control (Ct) with SD (n=3). *: p < 0.01. Isobologram 

analyses and combinatory index representations of combinatory treatments between cisplatin 

with SAHA (C) and RDC11 with SAHA (D). Doses at IC75, IC60, IC50, IC30, IC25 were combined 

and the results were analyzed with the algorithm of Chu and al. using the CompuSyn software. 

E, G. Proteins were extracted from cancer cells treated with RDC11 (R24) or SAHA (S24) or 

RDC11 and SAHA (R=S) after 24 hours of treatment. Western blot analysis revealed p53 (E) 

and XBP1s (G) and actin expression. Quantifications are indicated bellow as measured by Pixi 

imager F. H. mRNA levels of p53 (A), noxa (B), ddit3 (C) and chac1 (D) were assayed in cancer 
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cells by RT-qPCR. Graphs are means of fold induction versus the control (Ct) with SD (n=3). *: p 

< 0.01. E. Proteins were extracted from cells treated with RDC11 (R24) or SAHA (S24) or 

RDC11 and SAHA (R+S) for the 24 hours. 
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A. Principal Component Analysis. Plotting of two principal components from RMA normalized data using probe probe-level linear 
models. Biological replicates for the 5 different conditions cluster together and no outliers are detected within the dataset.  

B. B. Vulcano plots.  Plotting of the log10 of the fold change (x-axis) in function of the -log10 of the adjusted p values (y-axis). 
Unexposed cells are used as reference. Significant differential expression in microarray data are shown in red for the four 
comparative analysis using the threshold: |FC| ≥ 1.5 and adjusted p-value ≤ 0.05.  

C. Soft clustering of the normalized microarray data. The set of 4540 mis-regulated genes was subjected to soft clustering to find 
gene families sharing similar expression patterns. Genes belonging to the same cluster, ie. with high membership, are colored 
in red. Normalized and scaled expression levels are indicated on y-axis. Samples names are indicated below each graph.
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B

A

mRNA levels of genes found disregulated in the microarraus: A. dusp10, 
sesn2, eph2, asnas were assayed in U87 (A, B RT-qPCR) colon cancer 
HCT116 (B) and gastric cancer AGS (B) cells by RT-qPCR. Curves are 
means of fold induction versus the control (Ct) with SD (n=3). *: p < 0.01. 
In B, number indicate average of fold changes.
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Supplementary experimental procedures 

Statistical analysis of Microarray data 
Data obtained from Affymetrix hugene10stv1 arrays (http://www.ncbi.nlm.nih.gov / geo / query / acc.cgi?acc=GSE66493) were analyzed in R version 
3.0.1. Raw data were first extracted from the CEL files and visualized using the package affyPLM to detect potential hybridization artifacts. Probeset 
annotations were retrieved from Ensembl (GRCh37.p10 release 69) with Biomart  (BMC Genomics 2009, 10:22 doi: 10.1186 / 1471-2164-10-22) for 
32325 probe-set corresponding to 25489 mapped genes. Normalization was performed either with RMA model from the affy package 

(Bioinformatics. 2004 Feb 12;20(3):307-15.) or with probe-level linear models (affyPLM) (Bioinformatics. 2004;20:307–315). The normalization 
methods were compared by plotting ROC curves using the respective adjusted p-values values as predictor. Differential expression analysis was 
performed with the limma package (BMC Genomics. 2006 Oct 9;7:252. Clustering was performed on a selection of 4540 probsets showing at least 
one condition with |FC| ≥1.5 and adjusted p-value ≤ 0.05. Hierarchical clustering was carried out with Pearson’s correlation and the complete-
linkage method. Clusters were defined by 1.5 times the height of the longest branch. Soft clustering was performed with the package Mfuzz using 
the parameters c=8 and m=1.6 (30). Gene Set enrichment analysis was carried out with MetaCore (Thomson Reuters) using human annotations, p-
values ≤ 0.05 were considered as significant. Pathway analysis and transcription factor target analysis were performed with AltAnalysis. 

RDC11-matrix synthesis:  
The RDC11 containing support used for affinity chromatography was obtained by coordinating the hypogel-400-CO(-5-amino-1,10-phenanthroline)  

resin to a coordinatively-unsaturated ruthenium derivative containing a cycloruthenated phenyl pyridine ligand.  
1. Synthesis of the phenanthroline containing support. 
Commercially available (Interchim) Hypogel-400-COOH (1g, 0.3mmol) and hydroxybenzotriazole (HOBt) 0.268g, 2mmol) were added in DMF/
CH2Cl2 (2:1, 15 mL). To this solution EDCI.HCl (1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide.HCl) (0.379g, 2mmol) and diisopropylethylamine (60 
µL (microL), 4 mmol) were added. After 30 min. stirring, 5-amino-1,10-phenanthroline (0.129g, 0.66 mmol) suspended in DMF was added and the 
reaction mixture was stirred for 24h at room temperature. The resulting solid support was filtered and washed consecutively with DMF/CH2Cl2 (5/5 
mL), CH2Cl2 (10 mL) and Et2O (10 mL). After drying in high vacuum the modified resin was used as such for the next step. 
2. Synthesis of the RDC11 containing support. 
The modified support obtained above (0.5g, 1.0 eq.) was suspended in dry CH2Cl2 (10 mL) to which was added [Ru(2-phenyl-2’-pyridine)
(MeCN)4]PF6 (50.028 mg, 1 eq.) ref. The reaction mixture was stirred for 24h at room temperature. The black solid support was filtered and washed 

consecutively with DMF/ CH2Cl2, CH2Cl2 and Et2O. Drying this solid under high vacuum afforded the required RDC11-containing support. 
ref: Fernandez, S.; Pfeffer, M.; Ritleng, V.; Sirlin, C. Organometallics 1999, 18, 2390-2394.

Digestion 

In gel digestion 

Stained protein bands were excised prior to destaining, in-gel reduction and alkylation of proteins, which were performed using a MassPREP 
Station (Waters, Manchester, UK). Briefly, destaining was done by three washes in a mixture containing 25 mM NH4HCO3:CH3CN (1:1, v:v) 
followed by 30 min of dehydration in acetonitrile at 60°C for 5 min. Cysteine residues were reduced by 50 μL of 10 mM dithiothreitol, 25mM  
NH4HCO3 at 57°C for 30 min and alkylated by 50 μL of 55 mM iodoacetamide, 25mM  NH4HCO3 for 30 min. After washing with 50 µL of 25 
mM NH4HCO3, dehydration was done with acetonitrile during 15 min. Proteins were cleaved in-gel using 40 μL of 12.5 ng/μL of modified 
porcine trypsin (Promega, Madison, WI, USA) in 25 mM NH4HCO3 at 37°C for 4 hours. Tryptic peptides were first extracted using a 60% 
acetonitrile solution containing 0.5% formic acid, then secondly with a 100% acetonitrile solution.
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Liquid digestion 
 Sample were dried and solubilized in 200 µl of 8 Murea in 100 mM NH4HCO3 buffer. Each sample was reduced for 1 h at 60 °C by adding 
dithiothreitol to a final concentration of 10 mM. Alkylation was performed by adding iodoacetamide to a final concentration of 40 mM, 1 h at 
room temperature. To carry out the digestion in an optimal way, the sample was diluted to 1 M urea. An overnight digestion was performed by 
adding trypsin in a 1:50 enzyme to protein ratio. All samples were desalted on Sep-Pak C18 cartridges.   

LC-MS/MS and data analysis 

NanoLC-MS/MS analyses were performed on two systems : i/ a nanoACQUITY Ultra-Performance-LC system (UPLC) coupled to a SYNAPT 
HDMS Q-TOF mass spectrometer equipped with a nano-electrospray source (Waters), ii/ an Agilent 1100 series nanoLC-Chip/MS system 
(Agilent Technologies, Palo Alto, USA) coupled to an ion trap (amaZon, Bruker Daltonics, Bremen, Germany). 

i/ NanoACQUITY Ultra-Performance-LC system coupled to a SYNAPT HDMS Q-TOF 

nanoACQUITY UPLC system and SYNAPT HDMS Q-TOF mass spectrometer were controlled by MassLynx v4.1 (SCN 566, Waters). The solvent 
system consisted of 0.1% formic acid in water (solvent A) and 0.1% formic acid in ACN (solvent B). Peptides were injected and first trapped 
during 3 min on a precolumn (Symmetry C18, 20 mm х 0.18 mm, 5 µm particle size, Waters) at a flow rate of 5 μL/min with 99% A, then eluted at 
45°C on a separation column (ACQUITY UPLC® BEH130 C18, 200mm x 75 µm, 1.7 µm particle size, Waters) at a flow rate of 400 nL/min using a 
35 min linear gradient from 1 to 40% B  and followed by 5 min at 65% B. The mass spectrometer was operating in positive mode with the 
following settings: source temperature was set to 80°C, cone gas flow was 30l/h, cone voltage was 40V and the nanoelectrospray voltage was 
optimized to 3.5kV. Mass calibration of the TOF was achieved using phosphoric acid (H3PO4) on the 50-2000 m/z range. Online correction of this 
calibration was done using product ions derived from the [Glu1]-fibrinopeptide B (GFP) as lock-mass compounds. The ion (M+2H)2+ at m/z 

785.8426 was used to calibrate MS data and the fragment ion (M+H)+ at m/z 684.3469 to calibrate MS/MS data. 

Spectra were acquired by automatic switching between MS and MS/MS modes. This was done in the mass range of 250-1500 m/z (MS, 0.5 sec) 
and 50-2000 m/z (MS/MS, 0.7sec).  The most abundant peptide ions (the 3 most intense with a threshold of 60 counts/sec), preferably with a 
charge of 2 to 4, were selected from each MS spectrum for further isolation and CID (Collision Induced Dissociation) fragmentation using argon 
as collision gas. Ions were excluded after acquisition of one MS/MS spectrum and exclusion was released after 0.6 min. NanoLC-MS/MS raw 
data generated were respectively converted into  « .pkl » peaklists with PLGS 2.3 (Waters). 

ii/ Agilent 1100 series nanoLC-Chip/MS system coupled to an amaZon ion trap 

This system was fully controlled by HyStar 3.2 (BrukerDaltonics). The chip contained a Zorbax 300SB-C18 column (43 mm×75 µm, 5 µm particle 
size) and a Zorbax 300SB-C18 enrichment column (40 nL, 5 µm particle size). The solvent system consisted of 2% acetonitrile, 0.1% formic acid in 
water (solvent A) and 2% water, 0.1% formic acid in acetonitrile (solvent B). 

3 µl of each sample were loaded into the enrichment column at a flow rate set to 3.75 µL/min with solvent A. Elution was performed at a flow 
rate of 300 nL/min with a 8–40% linear gradient (solvent B) in 30 min (in gel) or 45/90 min (liquid sample, short/long gradient), followed by a 4 
min stage at 70% of solvent B before reconditioning the column at 8% of solvent B. 

MS spectrums were acquired with the following settings: source temperature was set to 135°C while cone gas flow was at 3 L/min. The 
nanoelectrospray voltage was optimized to −1850 V. The MS spectra were acquired in the positive ion mode on the mass range 250 to 1500 m/z 
using the standard enhanced resolution at a scan rate of 8.1 m/z/s. The Ion Charge Control was fixed at 200000 with a maximum accumulation 
time of 200 ms. For tandem MS experiments, the system was operated with automatic switching between MS and MS/MS modes. 
Fragmentation was performed using argon as the collision gas. The 6 most abundant peptides were selected on each MS spectrum for further 
isolation and fragmentation with a preference for doubly charged ions (absolute threshold of 5000, relative threshold 5%). Ions were excluded 
after the acquisition of 1 MS/MS spectra and the exclusion was released after 0.3 min. The Smart Parameters Setting option was used for the 

selected precursor ions. The MS/MS spectra were acquired on the mass range 100 to 2000 m/z. The Ion Charge Control was fixed at 300000 and 
2 scans were averaged to obtain a MS/MS spectrum. 

The system was fully controlled by HyStar 3.2 (BrukerDaltonics).  Mass data collected during the nanoLC-MS/MS analyses were processed and 
converted into .mgf files using the DataAnalysis 3.3 Build 146 software (Bruker Daltonics). 

Protein identification 

Peaklists (.pkl and .mgf) were searched using a local Mascot server (version 2. 2. 0, MatrixScience, London, UK) against a combined target-decoy 
protein database containing protein sequences of Homo sapiens (taxonomy 9606) derived from UniprotKB (created 2015-10-30, 84456 entries) 
and common contaminants such as human keratins and trypsin. The database was created using an in-house database generation toolbox 
(Carapito and al. 2014). Database searches were performed using the following settings: trypsin was specified as enzyme and up to one missed 
cleavage by trypsin and three variable modifications (oxidation of methionine, carbamidomethylation of cysteine and acetylation of protein N-

termini) were considered. Mass tolerances on precursor and fragment ions were set to 20 ppm and 0.2 Da, respectively for system 1 and 50 ppm 
and 0.2 Da for system 2. Mass tolerances on precursor and fragment ions were set to 25 ppm and 0.07 Da for SYNAPT and 250 ppm and 0.5 Da 
for Amazon. 
Identifications were validated with the in house developed Proline software (http://proline.profiproteomics.fr/) using the following validation 
criteria: target/decoy validation applying a 1% FDR at protein level. 

Carapito and al. 2014 
Proteomics. 2014 May;14(9):1014-9. doi: 10.1002/pmic.201300415. Epub 2014 Mar 12. MSDA, a proteomics software suite for in-depth Mass 
Spectrometry Data Analysis using grid computing. Carapito C, Burel A, Guterl P, Walter A, Varrier F, Bertile F, Van Dorsselaer A.

http://proline.profiproteomics.fr/
http://proline.profiproteomics.fr/


VII.DISCUSSION)/)PERSPECTIVES)

Gastric+ cancer+has+a+high+ incidence+ in+Europe,+ corresponding+ in+majority+of+ cardia+ cancer+ types,+

which+ are+ more+ aggressive+ and+ difficult+ to+ treat) (Pacelli* and* al.,* 2001).+ This* type* of* cancer* is*

increasing*in*France*and*presents*a*clinical*problem*with*4500*deaths*/*year*due*in*part*to*the*lack*

of* efficacy* of* current* treatments.* Surgical+ resec6on+ combined+ with+ chemotherapy+ based+ on+

organometallic+ compounds+ derived+ from+ pla6num+ (cispla6n,+ oxalipla6n)* are+ the+ cornerstone+ of++

current+ treatments) (Coccolini* and* al.,* 2016).+ Unfortunately,+ only+ a+ limited+ number+ of+ tumor+

responds+ to+ the+ treatment.+ Resistance+ mechanisms+ of+ gastric+ tumors+ are+ not+ currently+ known,+

highligh6ng+ the+ need+ to+ iden6fy+ robust+molecular+markers.+ The+ iden6fica6on+ of+ these+markers+

allows+ us+ firstly+ to+ classify+ the+ GC+ and+ adapt+ the+ treatment,+ and+ secondly,+ to+ develop+ targeted+

therapies.+This*iden-fica-on*of*markers*and*the*advances*in*treatment*require*a*be^er*knowledge*

of* the*mechanisms* of* ac-on* of* therapies* and* tumor* biology* possibly* leading* to*more* agressive*

cancers.*

Therefore,+ in+order+to+develop+more+effec6ve+therapies,+ it+ is+ important+to+ iden6fy+precisely+what+

are+the+pathways+deregulated+by+common+and+developed+chemotherapy+in+the+diges6ve+system.+

Through+the+iden6fica6on+of+new+relay+in+the+biology+of+GC,+this+work+may+improve+pa6ents+care+

and+allows+ the+op6miza6on+of+ treatment.+During+my+PhD,+ I+had+ ini6ated+ this+project,+which+has+

two+major+ aspects.+ First,+ I+ worked+ to+ beqer+ understand+ the+mechanisms+ of+ ac6on+ of+ cytotoxic+

drugs+ (cispla6n,+RDC11,+HDACi)+and+ secondly,+ I+was+ interested+ in+ the+development+of+ innova6ve+

treatments+(combina6on+of+drugs,+RDC11,+HDACi)+in+the+GC.+

1.Epigene;c)and)chemotherapy)response)in)gastric)cancer)
Defining+ the+mode+of+ ac6on+of+ an6cancer+ drugs+ for+ their+ use+ in+ clinic+ is+ crucial.+Ul6mately,+ this+

would+ help+ to+ achieve+ soKcalled+ personalized+ therapies,+ but+ also+ the+ iden6fica6on+ of+ new+

molecular+markers+to+follow+the+treatment+response+and+its+effec6veness.+For+this,+we+combined+

transcriptome+analysis+with+sequencing+of+ the+small+RNA+ libraries+ in+ response+ to+cytotoxic+drugs+

(cispla6n,+RDC11)+that+revealed+precious+informa6on+in+terms+of+signaling+pathways+specifically+the+

epigene6c+pathway.+
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1.1. HDAC*implica-on*in*cispla-n*response*

A+microarray+analysis+allowed+us+to+highlight+the+role+of+HDAC4+in+cispla6n+response.+Indeed,+we+

could+ implicate+ HDAC4+ in+ GC+ resistance+ to+ cispla6nKbased+ chemotherapy,+ by+ making+ two+

observa6ons.+ The+ first+ is+ that+ HDAC4+ expression+ is+ elevated+ in+ biopsies+ of+ GC+ compared+ to+ the+

normal+ 6ssue.+ The+ second+ is+ that+ the+ silencing+ of+ HDAC4+ favors+ cispla6n+ cytotoxicity.+ In+ this+

context,+ it+ is+necessary+to+beqer+characterize+the+role+of+HDAC4+ in+GC+by+studying+other+aspects+

than+in*vitro+cell+survival.+In+fact,+the+role+of+HDAC4+in+this+process+is+significant+but+not+major.+It+is+

possible+that+ its+role+ is+more+important+for+the+survival+of+cancer+cells+ in+their+ low+tumor+oxygen+

environment+in+view+of+its+target+genes+such+as+the+hypoxia+factor,+HIF1α+(Hu^*and*al.,*2014;*Geng*

and* al.,* 2011).+ It+ would+ be+ interes6ng+ to+ study+ how+ loss+ of+ func6on+ of+ HDAC4+ impact+ on+ the+

biological+ac6vi6es+of+HIF1α,+such+as+the+regula6on+of+cell+metabolism,+angiogenesis+or+migra6on.+

Ideally,+this+would+require+to+ inhibit+the+func6on+of+HDAC4+ in*vivo,+either+by+performing+a+stable+

HDAC4+knockdown+or+knockout+or+by+using+a+specific+HDAC4+inhibitor.++

In+ this+ context,+ the+ specific+ inhibi6on+ of+ HDAC4+ by+ a+ HDACi+ could+ improve+ cancer+ therapies+

efficiency.+ Unfortunately,+ there+ is+ currently+ no+ efficient+ inhibitor+ of+ HDAC4.+ Our+ choice+ was+

therefore+focused+on+the+SAHA+molecule.+SAHA+is+an+inhibitor+of+class+I,+II+and+IV+of+HDACs)(Kelly*

and*al.,*2005).*In+view+of+the+lack+of+treatment+efficacy+by+HDACi+used+alone+and+the+importance+of+

pla6numKderiva6ves+ side+ effects,+ I+worked+ in+ the+ development+ of+ combined+ therapy+with+ these+

two+ compounds.+ The+ use+ of+ combined+ treatments+ allows+ us+ to+ impact+ on+ several+ regulatory+

pathways+ simultaneously+ and+ poten6ate+ the+ effect+ of+ each+ drug+with+ lower+ concentra6ons.+My+

results+allowed+to+highlight+the+strong+synergy+of+these+combined+treatments+in+GC,+as+previously+

reported+(Shen*and*al.,*2007;*Sato*and*al.,*2006b;*Suzuki*and*al.,*2009b;*Zhou*and*al.,*2014;*Yoo*

and*al.,*2014),*but+also+to+inform+us+about+the+mode+of+ac6on+involved+in+this+response.+The+ability+

to+ use+ lower+ concentra6ons+ for+ each+ drug+ has+ a+ real+ interest+ regarding+ in+ their+ use+ in+ clinic,+

especially+to+reduce+side+effects,+which+represent+an+obstacle+in+the+treatment.+However,+the+use+

of+ SAHA,+ a+ panKinhibitor+ present+ limits.+ Indeed,+ each+ HDACi+ has+ a+ greater+ affinity+ for+ one+ or+

another+ HDACs.+ Thus+ the+ level+ of+ expression+ of+ HDAC+ will+ dictate+ the+ sensi6vity+ of+ tumors+ to+

treatment+(Ropero*and*al.,*2007).+It+ is+important+today+to+encourage+the+development+of+specific+

inhibitor+of+HDAC,+to+contribute+to+the+overall+effort+in+order+to+achieve+a+personalized+therapy+for+

pa6ents.+
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To+op6mize+GC+treatment,+we+included+in+our+study+new+HDAC+inhibitors+targe6ng+specific+class+of+

HDAC.+Among+them,+we+tested+the+JAHA+molecule,+an+analog+of+SAHA+organometallic+compound,+

which+contains+a+ferrocene+moiety,+a+specific+classe+I+inhibitor+(Spencer*and*al.,*2011;*Librizzi*and*

al.,* 2012)*and+ the+ LMKK235+ inhibi6ng+ specifically+HDAC4+and+HDAC5+ (Marek*and*al.,* 2013).+Our+

preliminary+ results+ show,+ as+ with+ the+ SAHA,+ a+ synergis6c+ effect+ in+ the+ combina6on+ with+ the+

pla6num+deriva6ves.+

It+should+however+be+men6oned+here+that+these+results+were+obtained+in*vitro,+so+it+now+remains+

to+determine+whether+the+same+results+are+observed+in*vivo.+These+ini6al+results+are+encouraging+

for+the+development+of+new+therapies,+which+I+hope+will+one+day+have+the+chance+to+enter+clinical+

trials+within+the+GC+and+perhaps+may+be+approved+later.+

1.2. miRNA*deregulated*in*response*to*an-cancer*drugs*

I+used+a+second+unbiased+approach,+based+on+small+RNA+cloning+and+sequencing,+ to+ iden6fy+the+

poten6al+implica6on+of+miRNAs+in+response+to+cytotoxic+drugs+in+GC.+This+approach+allowed+us+to+

iden6fy+ more+ than+ 100+ miRNAs+ deregulated+ in+ response+ to+ cispla6n+ and+ RDC11.+ However,+ we+

could+not+observe+major+differences+in+the+expression+of+miRNAs+between+the+two+drugs.+

Subsequently,+I+focused+in+more+details+on+LetK7e,+a+known+tumor+suppressor+(Trang*and*al.,*2011),+

and+ miRK183,+ a+ miRNA,+ which+ involvement+ in+ the+ response+ of+ GC+ to+ cispla6n+ is+ currently+

controversial+(Zhang*and*al.,*2013b;#Cao*and*al.,*2014;*Tang*and*al.,*2013;*Gu*and*al.,*2014).+The+

func6onal+analysis+of+these+two+miRNAs+helped+to+highlight+their+role+in+cell+survival+in+response+to+

cispla6n.+However,+blocking+their+expression+is+not+sufficient+to+protect+the+cells+to+the+treatment.+

This+result+seems+consistent+in+view+of+the+number+of+miRNAs+described+in+humans,+currently+over+

2500+regula6ng+more+than+60%+of+the+genome+(Kozomara*and*GriffithsUJones,*2014).+In+both+cases+

the+implementa6on+of+compensatory+mechanism+by+other+miRNAs+could+explain+this+result.+

Moreover,+I+was+also+interested+in+the+importance+of+miRK140+in+HDAC4+regula6on+in+response+to+

cispla6n.+ We+ did+ not+ observe+ increased+ levels+ of+ miRK140+ in+ the+ miRNA+ library,+ which+ can+ be+

probably++explained+by+its+early+expression+in+response+to+the+treatment.+My+results+are+aqemp6ng+

to+define+ the+ role+played+by+miRK140+ in+ the+ chemosensi6vity+of+ the+GC+ in+ response+ to+ cispla6n,+

involving+ the+ repression+ of+ HDAC4.+Moreover,+ our+ results+ are+ supported+ by+Wang+ et+ al.,+ which+

suggest+ that+miRK140+and+HDAC4+may+contribute+ to+drug+ resistance+ in+osteosarcomas+and+colon+
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cancer+cells*(Wang*and*al.,*2014).+Moreover,+Kim+et+al.+observed+an+overexpression+of+miRK140+in+

human+GC+samples+correlated+with+the+tumor+chemosensi6vity)(Kim*and*al.,*2011).++

Taken+together+these+results+lead+to+the+iden6fica6on+of+some+miRNA+implicated+in+the+relay+of+the+

an6Kcancer+drugs+ response.+ Finally+ the+ iden6fica6on+of+miRNA+ important+ for+ treatment+ efficacy,+

combined+with+the+development+of+new+therapies+targe6ng+miRNAs+(Krutzfeldt*and*al.,*2005)+will+

improve+pa6ent+treatment.+Moreover,+miRNA+library+data+will+enable+us+subsequently+to+complete+

our+ microarray+ data+ analysis+ to+ answer+ our+ main+ ques6on,+ which+ is+ to+ beqer+ understand+ the+

mechanisms+of+ac6on+of+these+two+drugs+in+GC.+

2. RDC11,)a)therapy)in)development)
Previous+ work+ in+ our+ team+ showed+ that+ RDC11+ has+ a+ cytotoxic+ ac6vity+ higher+ than+ pla6num+

deriva6ves+and+is+ac6ve+on+pla6numKresistant+cell+lines.+In+vivo,+it+reduces+tumor+growth+in+several+

syngenic+and+xenograns+tumor+models.+ In+addi6on,+RDC11+is+ less+sensi6ve+to+the+mechanisms+of+

cispla6n+resistance.+Studies+on+RDC11+mode+of+ac6on+have+shown+that+this+compound+can+induce+

cell+ death+ or+ growth+ arrest,+ by+ DNA+ dependent+ and+ independent+ mechanisms,+ including+ the+

re6culum+ stress+ pathway+ (Gaiddon* and* al.,* 2005;* Meng* and* al.,* 2009;* Vidimar* and* al.,* 2012;*

Klajner*and*al.,*2014).+

RDC11#mode#of#ac/on##

The+microarray+ data+ analysis+ allowed+ us+ to+ achieve+ a+macroscopic+ valida6on+ of+ the+ differences+

between+the+mechanisms+of+ac6on+of+cispla6n+and+RDC11.+For+example,+a+strong+involvement+of+

the+p53+and+epigene6c+pahtways+in+response+to+cispla6n+is+observed,+versus+the+oxida6ve+and+the+

re6culum+ stress+ for+ the+RDC11.+ Furthermore,+ this+ approach+ confirmed+our+ hypothesis+ that+DNA+

was+not+ a+ primary+ target+ for+ RDC* (Gaiddon*and*al.,* 2005;*Meng*and*al.,* 2009;*Vidimar* and*al.,*

2012),+ and+ that+mechanisms+ involved+ in+ cellular+metabolism+were+more+ implicated+ in+ RDC11+ in+

comparison+with+cispla6n.++

The+transcriptome+analyses+as+well+as+a+survey+of+the+literature+suggest+that+besides+the+classical+

apoptosis+ and+ cell+ cycle+ arrest+ processes,+ other+ mechanisms+ and+ signaling+ pathways+ could+ be+

induced+ or+ regulated+ by+ our+ family+ of+metalKbased+ compounds.+ For+ example,+ during+my+ Ph.D,+ I+

obtained+ some+key+ results+ that+ indicated+a+possible+ rela6on+of+RDC+ inducing+ the+ transulfura6on+

pathway.) This+ metabolic+ pathway+ impacts+ cell+ survival+ through+ glutathione,+ H2S,+ and+ cysteine+

synthesis.+ Interes6ngly,+ it+ is+ overKac6vated+ in+ cancer+ cells+ through+ the+ overKexpression+ of+ some+
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implicated+ enzymes+ (Ostrakhovitch* and* al.,* 2016,* Zhang* and* al.,* 2016).+ Glutathione+ synthesis+ is+

dependent+ of+ different+ enzymes,+ such+ as+ CBS+ (Cystathionine+ BetaKSynthase),+ CTH+ (Cystathionine+

gammaKlyase)+and+the+GCL+(γKglutamylcysteine+Ligase)+(Hine*et*al.,*2015,*Hishiki*et*al.,*2012).+These+

reac6ons+ generate+ H2S+ which+ is+ responsible+ for+ the+ produc6on+ of+ NAMPT+ (Nico6namide+

phosphoribosyltransferase),+a+molecule+which+in+turn+increases+the+expression+of+CBS+and+CTH+via+

an+ autoKac6va6on+ loop+ (Ostrakhovitch* et* al.* 2016;* SanokawaU*Akakura* et* al.,* 2014)+ (Figure)24).+

The+impact+of+this+pathway+on+cell+survival,+and+especially+of+cancer+cells,+is+s6ll+controversial.+For+

example,+the+H2S+can+have+opposite+effects.+On+one+hand,+high+levels+of+H2S+can+be+toxic+to+cancer+

cells.+ On+ the+ other+ hand,+ it+ appears+ to+ have+ a+ protec6ve+ effect+ against+ various+ stresses+ by+

par6cipa6ng+ in+ the+ regula6on+of+ the+mitochondrial+metabolism+ (Zhang*et* al.,* 2016,* Zong*et* al.,*

2016).+In+addi6on,+this+pathway+is+also+responsible+for+the+de+novo+synthesis+of+glutathione,+which+

allows+ homeostasis+ maintenance+ of+ the+ redox+ poten6al+ in+ the+ cell+ and+ thereby+ prevents+ the+

apoptosis+of+cancer+cells*(Mosharov*et*al.,*2000).++

Figure)24:)Schema;c)representa;on)of)the)transulfura;on)pathway+
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I+ confirmed+ the+ rela6onship+between+RDC11+and+ the+ transulfura6on+pathway+ in+GC+cell+ lines.+ In+

fact,+ I+ showed+ that+ CTH,+ a+ crucial+ enzyme+ in+ this+ pathway,+ is+ strongly+ overKexpressed+ (RNA+ and+

protein+ levels)+ in+ response+ to+ RDC11.+ However,+ several+ ques6ons+ remain+ open.+ We+ must+ now+

determine+ how+ this+ pathway+ is+ regulated+ by+ RDC11+ to+ beqer+ understand+ the+ molecular+

mechanisms+implicated,+especially+how+CTH+contributes+to+the+RDCKinduced+cytotoxicity.+The+work+

hypothesis,+ supported+ by+ results+ obtained+ by+ a+ new+ Ph.D+ student+ in+ our+ laboratory,+ is+ that+ this+

regula6on+ is+ done+ through+ the+ re6culum+ stress+ pathway+ (UPR)+ by+ATF4.+ In+ agreement+with+ this+

hypothesis,+Mistry+ and+ colleagues+ described+ that+ATF4+ regulates+ the+ CTH+ expression+ by+ a+ direct+

binding+to+its+promoter+in+response+to+the+UPR+ac6va6on+(Mistry*et*al.,*2015).*

Ac6va6on+ of+ ATF4+ by+ RDC11+ suggests,+ in+ view+ of+ previous+ results+ obtained+ in+ the+ laboratory+

(Bergamo*and*al.,*2012;*Vidimar*and*al.,*2012)#that+the+RDC11+is+able+to+ac6vate+the+three+parts+of+

the+UPR+pathway+ (PERK,+ATF6+ and+ IRE1,+Figure) 13).+ This+ is+ not+ the+ case+ of+ pla6num+deriva6ves+

currently+used+in+clinic,+which+confirms+a+dissimilarity+between+the+mechanisms+of+ac6on+of+these+

compounds.+Finally,+ it+will+be+important+to+iden6fy+more+generally+the+role+of+the+transulfura6on+

pathway+in+the+tumor+aggressiveness.+Indeed,+it+is+a+metabolic+pathway+that+should+also+allow+cells+

to+ adapt+ to+ their+ environment.+ It+will+ thus+ be+ important+ to+ understand+ how+ the+ transulfura6on+

pathway+ contributes+ to+ tumor+ growth+ by+ studying+ its+ role+ in+ the+ adapta6on+ of+ cancer+ cells+ to+

hypoxia+or+metastasis.+

Like+ I+ already+ described,+ our+ results+ show+ the+ importance+ of+ the+ re6culum+ stress+ pathway+ in+

response+to+RDC11.+So,+ I+ looked+ in+the+ literature+for+miRNAs+that+may+be+ involved+/+regulated+ in+

this+ pathway,+ and+ I+ correlated+ this+ informa6on+ with+ data+ from+ our+ miRNA+ library.+ MiRNAs+ are+

described+as+key+regulators+of+homeostasis+of+the+endoplasmic+re6culum+and+are+ involved+in+the+

re6culum+stress+pathway+(Maurel*and*al.,*2013;*Byrd*and*al.,*2013;*Malhi*and*al.,*2014).+Indeed,+

the+cluster+miRK23a+/+27a+/+24K2+has+been+described+to+ induce+the+expression+of+certain+effector+

protein+of+ this+pathway,+such+as+CHOP,+TRIB3,+ATF3+and+ATF4,+ leading+ to+cell+apoptosis+ (Chhabra*

and* al.,* 2011).+ In+ addi6on,+ Chhabra+ and+ colleagues+ demonstrated+ that+ induc6on+ of+ this+ cluster+

expression+ leads+to+a+caspaseKdependent+and+ independent+apoptosis+via+JNK.+This+results+ in+ROS+

genera6on+ allowing+ the+ ac6va6on+ of+ PERK+ and+ IRE1+ pathways* (Chhabra* and* al.,* 2009).+

Furthermore,+ inhibi6on+of+miRK17+expression+dependent+of+ IRE1+and+JNK+allows+the+ induc6on+of+

TXNP+expression+(thioredoxinKinterac6ng+protoein)+leading+to+cell+apoptosis+(Lerner*and*al.,*2012).+

Interes6ngly,+ we+ observed+ that+ the+ expression+ of+ miRK23a+ and+ miRK27a+ is+ strongly+ induced+ in+

response+ to+ RDC11,+ whereas+ the+ expression+ of+ miRK17+ is+ repressed.+ The+ analysis+ of+ miRNAs+
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involved+in+the+response+to+the+RDC11+through+the+re6culum+stress+opens+up+new+perspec6ves+of+

study.+

Finally,+ our+ study+ represents+ the+first+ demonstra6on+of+ a+direct+ target+ for+RDC11+by+ showing+ its+

interac6on+with+histones.+ It+also+shows+ that+ ruthenium+compounds+have+an+ impact+on+ the+postK

transla6onal+ modifica6ons+ of+ histones.+ These+ modifica6ons+ are+ part+ of+ complex+ and+ essen6al+

epigene6c+ mechanisms+ that+ are+ the+ control+ of+ gene+ expression.+ Indeed,+ our+ results+ show+ the+

possible+involvement+of+HDACs+in+the+biological+ac6vity+of+RDC11.+So+in+this+context,+we+tried+to+set+

up+a+combined+therapy+of+RDC11+and+SAHA.+Surprisingly,+the+results+showed+an+antagonis6c+effect+

of+the+combina6on+of+the+RDC+and+SAHA.+This+result+strongly+suggest+that+HDAC+inhibitors+should+

not+be+used+for+a+combinatory+therapy+in+order+to+poten6ate+the+cytotoxicity+of+RDC.+

This+work+thus+opens+up+new+perspec6ves+for+understanding+mechanisms+of+ac6on+of+an6cancer+

drugs,+including+gastric+cancer,+where+this+type+of+study+has+not+been+performed+yet.+However,+the+

issues+that+remain+unresolved+are+now+to+define+if+these+signaling+pathways+are+directly+regulated+

by+ the+ RDC+ and+ cispla6n+ or+ are+ a+ consequence+ of+ adapta6on+ /+ compensa6on+ mechanisms+ in+

response+to+other+previous+pathways+ac6vated.+We+now+have+to+make+the+connec6on+between+all+

these+ ac6vated+ signaling+ pathways,+ the+ stress+ re6culum,+ the+ transulfura6on+ and+ the+ epigene6c+

pathways+to+beqer+understand+the+mechanisms+involved+in+RDC11+cytotoxicity+against+GC+cells.+
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VIII.CONCLUSION)

The+work+done+during+my+PhD+allowed+the+iden6fica6on+of+epigene6c+mechanisms+important+ +for+

the+ an6cancer+ drugs+ response+ in+ GC,+ such+ as+ HDAC4+ and+ miR140.+ In+ par6cular,+ I+ showed+ that+

HDAC4+inhibits+the+ac6vity+of+cispla6n+and+its+expression+is+par6cularly+high+in+GC,+making+it+a+good+

candidate+as+a+resistance+mechanism.+Moreover,+I+showed+how+these+epigene6c+regula6on+interact+

closely+with+members+of+the+p53+family+to+control+cell+fate.++

Using+ my+ results+ showing+ the+ crucial+ roles+ of+ p53+ and+ HDAC+ in+ the+ therapeu6c+ response,+ I+

par6cipated+in+preKclinical+development+of+new+an6cancer+compounds.+In+par6cular,+I+have+shown+

that+ ruthenium+ compounds+ having+ redox+ proper6es+ act+ independently+ of+ the+DNA+ and+p53+but+

affect+ certain+ epigene6c+ regula6ons.+ Moreover,+ I+ have+ shown+ that+ cispla6n+ ac6vity+ is+ greatly+

increased+when+combined+with+HDAC+inhibitors.+

Two+PhD+students+will+ try+to+answer+our+open+ques6ons.+ I+am+pleased+that+this+research+project+

will+con6nue.+
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Marie-Elodie SPAETY 
Implication des régulations épigénétiques dans la 

réponse aux chimiothérapies dans le cancer 
gastrique – Perspectives thérapeutiques 

 

Résumé  
Le cancer gastrique (CG) est traité par résection chirurgicale combinée à une chimiothérapie à base 

de composés de platine. La résistance croissante aux chimiothérapies renforce la nécessité 

d’identifier des marqueurs moléculaires robustes pour adapter le traitement et développer des 

thérapies ciblées.  
 

Durant ma thèse, j’ai montré l’importance des voies de l’épigénétique dans le mode d’action de 

drogues anti-cancéreuses dans le CG. Notamment, j’ai identifié le rôle d’une histone déacétylase, 

HDAC4, et de plusieurs miRNAs, dont miR-140, dans la réponse au cisplatine. De plus, j’ai 

démontré que des composés à base de ruthénium ayant des propriétés redox agissent indépendant 

de l’ADN et de p53 mais affectent certaines régulations épigénétiques. Ceci m’a donc conduit à 

étudier l’intérêt thérapeutique et les mécanismes sous-jacents d’un traitement combiné associant le 

cisplatine et des inhibiteurs de HDAC.  
 

L’ensemble de ces résultats permet d’ouvrir de nouvelles perspectives dans la compréhension des 

mécanismes d’action des drogues anticancéreuses dans le CG et dans l’identification de marqueurs 

pronostiques ou de thérapie innovante plus adaptée. 
 

Mots clés: cancer gastrique, platine, ruthenium, épigénétique, HDAC, miRNA, p53 family. 
 

Sumary 
Gastric cancer (GC) is treated by surgical resection combined with chemotherapy based on  

platinum compounds. The increase in chemotherapy resistance reinforces the need to identify robust 

molecular markers to tailor treatment and develop targeted therapies. 
 

During my PhD, I examined the importance of the epigenetic pathways in the mode of action of 

anticancer drugs in gastric cancer. In particular, I have identified the role of one histone deacetylase, 

HDAC4, and several miRNAs, including miR-140, in response to cisplatin. Moreover, I have shown 

that ruthenium compounds having redox properties act independently of DNA and p53 but affect 

some epigenetic regulations. This then led me to investigate the therapeutic value and the underlying 

mechanisms of a combined therapy associating cisplatin and HDAC inhibitors. 
 

All these results will open new perspectives in the understanding of the mechanisms of action of 

anticancer drugs in gastric cancer and in the identification of prognostic markers or more appropriate 

advanced therapy. 
 

Keywords: Gastric cancer, platinum, ruthenium, epigenetic, HDAC, miRNA, p53 family. 


