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  of	
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  Statement	
  
•  I	
  am	
  retained	
  as	
  a	
  consultant	
  and	
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  involving	
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and	
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  and	
  various	
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  including	
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  and	
  
cancer,	
  behalf	
  of	
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  represented	
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Conflict	
  of	
  Interest	
  Statement,	
  p.2	
  

•  I	
  have	
  no	
  formal	
  associa-on	
  with	
  IARC,	
  US	
  
EPA	
  or	
  CalEPA,	
  but	
  have	
  an	
  ongoing	
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  with	
  OEHHA	
  (Cal	
  EPA)	
  to	
  further	
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  the	
  key	
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  framework.	
  

•  The	
  views	
  expressed	
  are	
  solely	
  my	
  own.	
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Summary of today’s talk 
•  Scien-fic	
  findings	
  providing	
  insights	
  into	
  cancer	
  mechanisms	
  play	
  

an	
  increasingly	
  important	
  role	
  in	
  carcinogen	
  hazard	
  iden-fica-on	
  
•  The	
  key	
  characterisBcs	
  of	
  known	
  human	
  carcinogens	
  provide	
  the	
  

basis	
  for	
  a	
  knowledge-­‐based	
  approach	
  to	
  evaluaBng	
  mechanisBc	
  
data	
  rather	
  than	
  a	
  hypothesis-­‐based	
  one	
  like	
  MOA/AOP	
  

•  Shows	
  carcinogens	
  tend	
  to	
  act	
  through	
  mul-ple	
  mechanisms	
  in	
  
producing	
  the	
  hallmarks	
  of	
  human	
  and	
  animal	
  tumors	
  	
  

•  Recent	
  IARC	
  Monograph,	
  EPA,	
  CalEPA	
  and	
  NTP	
  evalua-ons	
  have	
  
illustrated	
  the	
  applicability	
  of	
  the	
  KC	
  approach	
  

•  May	
  be	
  compa-ble	
  with	
  HT	
  assays,	
  but	
  need	
  to	
  develop	
  new	
  ones	
  
based	
  on	
  characteris-cs	
  and	
  hallmarks.	
  Same	
  for	
  biomarkers.	
  

•  Key	
  characteris-cs	
  for	
  other	
  forms	
  of	
  toxicity	
  are	
  being	
  developed	
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IntegraBon	
  of	
  evidence	
  to	
  decide	
  if	
  
a	
  chemical	
  is	
  a	
  human	
  carcinogen?	
  
•  Human	
  studies	
  –	
  epidemiology	
  	
  	
  
•  Animal	
  studies	
  –	
  usually	
  rodent	
  bioassays	
  –	
  
life-me	
  chronic	
  	
  	
  or	
  shorter	
  transgenic	
  assays?	
  	
  

•  In	
  vitro	
  studies	
  	
  	
  	
  	
  –	
  e.g.	
  Tox21/Toxcast	
  
•  Mechanis-c	
  data	
  –	
  Provides	
  biological	
  
plausibility	
  and	
  increasing	
  in	
  importance	
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Who	
  decides	
  if	
  a	
  chemical	
  	
  
is	
  a	
  carcinogen?	
  

•  Interna-onal	
  Agency	
  for	
  Research	
  on	
  Cancer	
  (IARC	
  
–WHO)	
  –	
  Groups	
  1,	
  2A,	
  2B,	
  3,	
  4	
  

•  EPA	
  –	
  Groups	
  A,	
  B1,	
  B2,	
  C	
  etc.	
  
•  NTP	
  –	
  Report	
  on	
  Carcinogens	
  
•  Cal	
  Prop	
  65	
  –	
  Oien	
  by	
  adop-ng	
  other	
  authori-es	
  
•  Others	
  –	
  FDA,	
  EU,	
  Japan	
  etc.	
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DefiniBons	
  of	
  the	
  IARC	
  ClassificaBons	
  

 
Classification Definition 
Group 1 Carcinogenic to humans 
Group 2A Probably carcinogenic to humans 
Group 2B Possibly carcinogenic to humans 
Group 3 Not classifiable as to its carcinogenicity to humans  
Group 4 Probably not carcinogenic to humans 
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“The	
  Encyclopaedia	
  of	
  Carcinogens”	
  
Agents	
  are	
  recommended	
  by	
  interna-onal	
  advisors	
  based	
  on:	
  	
  

!  Evidence	
  of	
  human	
  exposure	
  
!  Some	
  evidence	
  or	
  suspicion	
  of	
  carcinogenicity	
  

	
  
More	
  than	
  980	
  agents	
  have	
  been	
  evaluated	
  

!  118	
  are	
  carcinogenic	
  to	
  humans	
  (Group	
  1)	
  
!  	
  	
  79	
  are	
  probably	
  carcinogenic	
  to	
  humans	
  (Group	
  2A)	
  
!  290	
  are	
  possibly	
  carcinogenic	
  to	
  humans	
  (Group	
  2B)	
  
!  503	
  are	
  not	
  classifiable	
  as	
  to	
  its	
  carcinogenicity	
  to	
  humans	
  (Group	
  3)	
  
!  	
  	
  	
  1	
  is	
  classified	
  as	
  probably	
  not	
  carcinogenic	
  to	
  humans	
  (Group	
  4)	
  

Na-onal	
  and	
  interna-onal	
  health	
  agencies	
  use	
  the	
  Monographs	
  
!  To	
  iden-fy	
  carcinogens	
  
!  To	
  prevent	
  exposure	
  to	
  known	
  or	
  suspected	
  carcinogens	
  

Lorenzo Tomatis  
1929-2007 
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How	
  Are	
  the	
  IARC	
  Monograph	
  	
  
EvaluaBons	
  Conducted?	
  

•  Procedural	
  guidelines	
  for	
  
par-cipant	
  selec-on,	
  
conflict	
  of	
  interest,	
  
stakeholder	
  involvement	
  
&	
  mee-ng	
  conduct	
  

•  Separate	
  criteria	
  for	
  
review	
  of	
  human,	
  animal	
  
and	
  mechanis-c	
  evidence	
  

•  Decision	
  process	
  for	
  
overall	
  evalua-ons	
  

Preamble	
  to	
  the	
  IARC	
  Monographs	
  (2006):	
  
h`p://monographs.iarc.fr/ENG/Preamble/index.php	
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What	
  Evidence	
  is	
  Considered?	
  

Overall 
evaluation 

Cancer in 
humans 

Cancer in 
animals 

Cancer 
Mechanisms 

Exposure	
  Data	
  
Preamble	
  to	
  the	
  IARC	
  Monographs	
  (2006):	
  
h`p://monographs.iarc.fr/ENG/Preamble/index.php	
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•	
  Is	
  the	
  mechanism	
  likely	
  
to	
  be	
  opera-ve	
  in	
  
humans?	
  

•	
  Are	
  the	
  mechanis-c	
  data	
  
“weak,”	
  “moderate,”	
  or	
  
“strong”?	
  

Have	
  the	
  mechanis-c	
  events	
  been	
  established?	
  	
  Are	
  there	
  consistent	
  
results	
  in	
  different	
  experimental	
  systems?	
  	
  Is	
  the	
  overall	
  database	
  
coherent?	
  

Has	
  each	
  mechanism	
  been	
  challenged	
  experimentally?	
  	
  Do	
  studies	
  
demonstrate	
  that	
  suppression	
  of	
  key	
  mechanis-c	
  processes	
  leads	
  to	
  
suppression	
  of	
  tumour	
  development?	
  

Are	
  there	
  data	
  from	
  exposed	
  humans	
  or	
  human	
  systems?	
  
Consider	
  alterna-ve	
  explana-ons	
  before	
  concluding	
  that	
  tumours	
  in	
  

experimental	
  animals	
  are	
  not	
  relevant	
  to	
  humans	
  

Mechanis-c	
  and	
  
	
  other	
  relevant	
  data	
  

—Part	
  B,	
  Sec-on	
  6(c)	
  	
  	
  

	
  Cancer	
  in	
  
	
  humans	
  

Cancer	
  in	
  
	
  experimental	
  animals	
  

How	
  Is	
  Evidence	
  Evaluated?	
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Mechanis-c	
  Data	
  Are	
  Pivotal	
  When	
  Human	
  Data	
  Are	
  
Not	
  Sufficient	
  (Example	
  1) 

Sufficient	
   Limited	
   Inadequate	
  

EVIDENCE	
  IN	
  EXPERIMENTAL	
  ANIMALS	
  

Group	
  1	
  (carcinogenic	
  to	
  humans)	
  

EV
ID
EN

CE
	
  IN

	
  H
U
M
AN

S	
  

Group	
  2A	
  
(probably	
  carcinogenic)	
  

Group	
  3	
  (not	
  classifiable)	
  

Group	
  2B	
  (possibly	
  carcinogenic)	
  
(excep-onally,	
  Group	
  2A)	
  

Group	
  2B	
  
(possibly	
  carcinogenic)	
  

Sufficient	
  

Limited	
  

Inadequate	
  

Strong supporting evidence in exposed humans 
(e.g. EtO, NNK, NNN, Dioxin) MT	
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IARC	
  Group	
  1	
  ClassificaBons	
  	
  
Based	
  on	
  Different	
  Mechanisms	
  

Agent	
   MechanisBc	
  RaBonale	
   Year	
  (Vol)	
  

Ethylene	
  oxide	
   Genotoxic,	
  cytogene-c	
  effects	
  in	
  lymphocytes	
  of	
  workers	
   1994	
  
(Vol	
  60)	
  

NNN	
  and	
  NNK	
   Uptake,	
  metabolism,	
  DNA/haemoglobin	
  adducts	
  in	
  smokeless	
  
tobacco	
  users	
  

2004	
  
(Vol	
  89)	
  

Agent	
   MechanisBc	
  RaBonale	
   Year	
  

2,3,7,8-­‐TCDD	
   Ah	
  receptor	
  binding,	
  subsequent	
  effects	
   1997	
  
(Vol	
  69)	
  

h`p://monographs.iarc.fr	
  	
  

MT	
  Smith,	
  UCB	
  Sept	
  2018	
   14	
  



Mechanis-c	
  Data	
  Are	
  Pivotal	
  When	
  Human	
  Data	
  Are	
  
Not	
  Sufficient	
  (Example	
  2) 

Sufficient	
   Limited	
   Inadequate	
  

EVIDENCE	
  IN	
  EXPERIMENTAL	
  ANIMALS	
  

Group	
  1	
  (carcinogenic	
  to	
  humans)	
  

EV
ID
EN

CE
	
  IN

	
  H
U
M
AN

S	
  

Group	
  2A	
  
(probably	
  carcinogenic)	
  

Group	
  3	
  (not	
  classifiable)	
  

Group	
  2B	
  (possibly	
  carcinogenic)	
  
(excep-onally,	
  Group	
  2A)	
  

Group	
  2B	
  
(possibly	
  carcinogenic)	
  

Sufficient	
  

Limited	
  

Inadequate	
  

Strong	
  evidence;	
  mechanism	
  also	
  operates	
  in	
  humans	
  
(e.g.	
  Dibenzanthracene,	
  nitrosodiethylamine)	
   15	
  



Mechanis-c	
  Data	
  Are	
  Pivotal	
  When	
  Human	
  Data	
  Are	
  
Not	
  Sufficient	
  (Example	
  3) 

Sufficient	
   Limited	
   Inadequate	
  

EVIDENCE	
  IN	
  EXPERIMENTAL	
  ANIMALS	
  

Group	
  1	
  (carcinogenic	
  to	
  humans)	
  

EV
ID
EN

CE
	
  IN

	
  H
U
M
AN

S	
  

Group	
  2A	
  
(probably	
  carcinogenic)	
  

Group	
  3	
  (not	
  classifiable)	
  

Group	
  2B	
  (possibly	
  carcinogenic)	
  
(excep-onally,	
  Group	
  2A)	
  

Group	
  2B	
  
(possibly	
  carcinogenic)	
  

Sufficient	
  

Limited	
  

Inadequate	
  

Strong evidence: mechanism in animals DOES NOT 
operate in humans (e.g. Limonene, saccharin) 16	
  



MechanisBc	
  Data:	
  Challenges	
  

IARC	
  Monographs	
  	
  
Volume	
  100	
  

•  Different	
  human	
  carcinogens	
  may	
  
operate	
  through	
  dis-nct	
  
mechanisms	
  

•  Many	
  human	
  carcinogens	
  act	
  via	
  
mul-ple	
  mechanisms	
  	
  

•  There	
  is	
  no	
  broadly	
  accepted,	
  
systema-c	
  method	
  for	
  evalua-ng	
  
mechanis-c	
  data	
  to	
  support	
  
cancer	
  hazard	
  iden-fica-on	
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So	
  Many	
  Studies,	
  So	
  Li`le	
  Time…	
  

Cancer	
  in	
  
humans	
  

Cancer	
  in	
  
animals	
  

Mechanis9c	
  
data	
  

10-­‐100s	
  
of	
  studies	
  

10s	
  of	
  
studies	
  

100s	
  to	
  
10,000s	
  
of	
  studies	
  

•  How	
  to	
  search	
  
systema-cally	
  for	
  
relevant	
  mechanisms?	
  

•  How	
  to	
  bring	
  uniformity	
  
across	
  assessments?	
  

•  How	
  to	
  analyze	
  the	
  
voluminous	
  mechanis-c	
  
database	
  efficiently?	
  

•  How	
  to	
  avoid	
  bias	
  
towards	
  favored	
  
mechanisms	
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Group 1 agents with less 
than sufficient evidence in 
humans 

2,3,4,7,8-Pentachlorodibenzofuran 
3,4,5,3’,4’-Pentachlorobiphenyl (PCB-126) 
4,4’-Methylenebis(2-chloroaniline) (MOCA) 
Alpha- and beta-particle emitters 
Areca nut 
Aristolochic acid  
Benzidine, dyes metabolised to 
Benzo[a]pyrene 
Ethanol in alcoholic beverages 
Ethylene oxide  
Etoposide 
Ionizing radiation (all types) 
Neutron radiation 
N′-Nitrosonornicotine (NNN) and 4-(N-nitroso-

methylamino)-1-(3-pyridyl)-1-butanone (NNK) 
Ultraviolet radiation 

IARC	
  Monographs	
  Volume	
  100:	
  The	
  known	
  causes	
  of	
  human	
  cancer	
  by	
  organ	
  site	
  
Oral cavity Alcoholic beverages 

Betel quid with tobacco 
Betel quid without tobacco 
Human papillomavirus type 16 
Smokeless tobacco 
Tobacco smoking 

Pharynx Alcoholic beverages 
Betel quid with tobacco 
Human papillomavirus type 16 
Tobacco smoking 

Salivary gland X-radiation, gamma-radiation 

Nasopharynx Epstein-Barr virus 
Formaldehyde 
Salted fish, Chinese-style 
Wood dust 

Nasal cavity and 
paranasal sinus 

Isopropyl alcohol manufacture using strong acids 
Leather dust 
Nickel compounds 
Radium-226 and its decay products 
Radium-228 and its decay products 
Tobacco smoking 
Wood dust 

Larynx Acid mists, strong inorganic 
Alcoholic beverages 
Asbestos (all forms) 
Tobacco smoking 

Lung Aluminium production 
Arsenic and inorganic arsenic compounds 
Asbestos (all forms) 
Beryllium and beryllium compounds 
Bis(chloromethyl)ether; chloromethyl methyl ether 

(technical grade) 
Cadmium and cadmium compounds 
Chromium (VI) compounds 
Coal, indoor emissions from household combustion 
Coal gasification 
Coal-tar pitch 
Coke production 
Haematite mining (underground) 
Iron and steel founding 
MOPP (vincristine-prednisone-nitrogen mustard-procarbazine mixture) 
Nickel compounds 
Painter (occupational exposure as) 
Plutonium 
Radon-222 and its decay products 
Rubber production industry 
Silica dust, crystalline 
Soot 
Sulfur mustard 
Tobacco smoke, secondhand 
Tobacco smoking 
X-radiation, gamma-radiation Oesophagus Acetaldehyde associated with consumption of 

alcoholic beverages 
Alcoholic beverages 
Betel quid with tobacco 
Betel quid without tobacco 
Smokeless tobacco 
Tobacco smoking 
X-radiation, gamma-radiation 

Stomach Helicobacter pylori 
Rubber production industry 
Tobacco smoking 
X-radiation, gamma-radiation 

Colon and rectum Alcoholic beverages 
Tobacco smoking 
X-radiation, gamma-radiation 

Liver 
(hepatocytes) 

Aflatoxins 
Alcoholic beverages 
Estrogen-progestogen contraceptives 
Hepatitis B virus 
Hepatitis C virus 
Plutonium 
Thorium-232 and its decay products 
Tobacco smoking (in smokers and in smokers’ 

children) 
Vinyl chloride Gall bladder Thorium-232 and its decay products 

Pancreas Smokeless tobacco 
Tobacco smoking 

Upper aerodigestive tract Acetaldehyde associated with consumption of  
alcoholic beverages 

Uterine cervix Diethylstilbestrol (exposure in utero) 
Estrogen-progestogen contraceptives 
Human immunodeficiency virus type 1 
Human papillomavirus types 16, 18, 31, 33, 35, 39, 45, 51, 

52, 56, 58, 59 
Tobacco smoking 

Endometrium Estrogen menopausal therapy 
Estrogen-progestogen menopausal therapy 
Tamoxifen 

Ovary Asbestos (all forms) 
Estrogen menopausal therapy 
Tobacco smoking 

Vagina Diethylstilbestrol (exposure in utero) 
Human papillomavirus type 16 

Vulva Human papillomavirus type 16 

Penis Human papillomavirus type 16 

Urinary bladder Aluminium production 
4-Aminobiphenyl 
Arsenic and inorganic arsenic compounds 
Auramine production 
Benzidine 
Chlornaphazine 
Cyclophosphamide 
Magenta production 
2-Naphthylamine 
Painter (occupational exposure as) 
Rubber production industry 
Schistosoma haematobium 
Tobacco smoking 
ortho-Toluidine 
X-radiation, gamma-radiation 

Renal pelvis  
and ureter 

Aristolochic acid,  
plants containing 

Phenacetin 
Phenacetin, analgesic mixtures 

containing 
Tobacco smoking 

Leukaemia/ 
lymphoma 

Azathioprine 
Benzene 
Busulfan 
1,3-Butadiene 
Chlorambucil 
Cyclophosphamide 
Cyclosporine 
Epstein-Barr virus 
Etoposide with cisplatin and bleomycin 
Fission products, including Strontium-90 
Formaldehyde 
Helicobacter Pylori 
Hepatitis C virus 
Human immunodeficiency virus type 1 
Human T-cell lymphotropic virus type 1 
Kaposi sarcoma herpes virus 
Melphalan 
MOPP (vincristine-prednisone-nitrogen mustard-

procarbazine mixture) 
Phosphorus-32, as phosphate 
Rubber production industry 
Semustine [1-(2-Chloroethyl)-3-(4-methylcyclohexyl)-1-

nitrosourea, or methyl-CCNU] 
Thiotepa 
Thorium-232 and its decay products 
Tobacco smoking 
Treosulfan 
X-radiation, gamma-radiation 

Breast Alcoholic beverages 
Diethylstilbestrol 
Estrogen-progestogen contraceptives 
Estrogen-progestogen menopausal 

therapy 
X-radiation, gamma-radiation 

Skin (other 
malignant 
neoplasms) 

Arsenic and inorganic arsenic compounds 
Azathioprine 
Coal-tar distillation 
Coal-tar pitch 
Cyclosporine 
Methoxsalen plus ultraviolet A 
Mineral oils, untreated or mildly treated 
Shale oils 
Solar radiation 
Soot 
X-radiation, gamma-radiation 

Bone Plutonium 
Radium-224 and its decay products 
Radium-226 and its decay products 
Radium-228 and its decay products 
X-radiation, gamma-radiation 

Eye Human immunodeficiency virus type 1 
Ultraviolet-emitting tanning devices 
Welding 

Brain and central 
nervous system 

X-radiation, gamma-
radiation 

Thyroid 
Radioiodines, including iodine-131  

(exposure during childhood and adolescence) 
X-radiation, gamma-radiation 

Mesothelioma 
(pleura or 
peritoneum) 

Asbestos (all forms) 
Erionite 
Painter (occupational 
exposure as) 

Endothelium 
(Kaposi 
sarcoma) 

Human immunodeficiency virus type 1 
Kaposi sarcoma herpes virus  

Skin (melanoma) Solar radiation 
Ultraviolet-emitting tanning devices 

Section of the IARC Monographs (IMO) 

Biliary tract Chlonorchis sinensis 
Opisthorchis viverrini 

Multiple sites 
(unspecified) 

Cyclosporine 
Fission products, including Strontium-90 
X-radiation, gamma-radiation (exposure in 

utero) 

All cancers 
combined 

2,3,7,8-Tetrachlorodibenzo- 
para-dioxin 

Tonsil Human papillomavirus type 16 

Anus Human immunodeficiency virus type 1 
Human papillomavirus type 16 

Kidney Tobacco smoking 
X-radiation, gamma-radiation 

Two	
  meeBngs	
  held	
  at	
  IARC	
  in	
  2012	
  
on	
  concordance	
  and	
  mechanisms	
  



HALLMARKS	
  OF	
  CANCER	
  
1.	
  	
  Sustaining	
  prolifera-ve	
  signaling	
  
2.	
  	
  Evading	
  growth	
  suppressors	
  
3.	
  	
  Resis-ng	
  cell	
  death	
  
4.	
  	
  Enabling	
  replica-ve	
  immortality	
  
5.	
  	
  Inducing	
  aberrant	
  angiogenesis	
  
6.  Ac-va-ng	
  invasion	
  &	
  metastasis	
  
Emerging	
  Hallmarks	
  
•  Reprogramming	
  energy	
  metabolism	
  
•  Evading	
  immune	
  destruc-on	
  
Enabling	
  Characteris9cs	
  
•  Genomic	
  instability	
  and	
  muta-on	
  
•  Inflamma-on	
  

Hanahan	
  and	
  Weinberg	
  2011	
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Kleinstreuer	
  N.C.	
  et	
  al.	
  In	
  vitro	
  perturba-ons	
  of	
  targets	
  in	
  cancer	
  hallmark	
  
processes	
  predict	
  rodent	
  chemical	
  carcinogenesis.	
  Toxicol.	
  Sci.,	
  (2013)	
  131,	
  
40–55.	
  

Chemical	
   HM1	
   HM2	
   HM3	
   HM4	
   HM5	
   HM6	
   HM7	
   HM8	
   HM9	
   HM	
  10	
   TOTAL	
  

Chemical	
  1	
   X	
   X	
   	
  	
   	
  	
   X	
   	
  	
   	
  	
   X	
   X	
   X	
   7	
  

Chemical	
  2	
   	
  	
   	
  	
   X	
   X	
   	
  	
   	
  	
   X	
   	
  	
   	
  	
   	
  	
   3	
  

Chemical	
  3	
   	
  	
   	
  	
   	
  	
   	
  	
   X	
   	
  	
   	
  	
   X	
   	
  	
   	
  	
   2	
  

Chemical	
  4	
   X	
   X	
   	
  	
   X	
   	
  	
   	
  	
   X	
   X	
   X	
   	
  	
   6	
  

Tested	
  292	
  chemicals	
  in	
  672	
  assays	
  and	
  successfully	
  correlated	
  the	
  most	
  
disrup-ve	
  chemicals	
  (i.e.	
  those	
  that	
  were	
  most	
  ac-ve	
  across	
  the	
  various	
  
hallmarks)	
  with	
  known	
  levels	
  of	
  carcinogenicity.	
  	
  

Chemicals	
  disrupt	
  mul-ple	
  hallmarks	
  

MT	
  Smith,	
  UCB	
  Sept	
  2018	
   21	
  



Carcinogen	
  
Mechanisms	
   Aflatoxin	
  B1	
   Arsenic	
   Asbestos	
   Benzene	
  

DNA	
  damage	
   +	
   +	
   -­‐	
   +	
  
Gene	
  muta-on	
   +	
   -­‐	
   +	
   -­‐	
  
Chrom	
  muta-on	
   +	
   +	
   +	
   +	
  
Aneuploidy	
   -­‐	
   +	
   +	
   +	
  
Epigene-c	
   +	
   +	
   +	
  
Receptor	
  signaling	
   -­‐	
   +	
   +	
  
Other	
  signaling	
   -­‐	
   +	
   +	
  
Immune	
  effects	
   +	
   +	
   +	
   +	
  
Inflamma-on	
   +	
   +	
   +	
   +	
  
Cytotoxicity	
   +	
   +	
   +	
   +	
  
Mitogenic	
   -­‐	
   +	
   -­‐	
  
Gap	
  junc-on	
   +	
   +	
   +	
  

MulBple	
  Mechanisms	
  of	
  Group	
  1	
  Carcinogens	
  
[KZ	
  Guyton….MT	
  Smith,	
  Mut	
  Res	
  681;	
  230,	
  2009]	
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Dilemma:	
  Cancer	
  or	
  Carcinogens	
  
•  Hallmarks	
  are	
  the	
  biological	
  characteris-cs	
  of	
  
cancer	
  cells	
  and	
  tumors	
  in	
  general,	
  NOT	
  the	
  
characteris-c	
  proper-es	
  of	
  human	
  carcinogens	
  

•  Need	
  to	
  iden-fy	
  the	
  key	
  characteris-cs	
  of	
  
human	
  carcinogens	
  

•  IARC	
  Working	
  Group	
  did	
  this	
  in	
  2012	
  and	
  
subsequently	
  scien-sts	
  at	
  EPA,	
  IARC	
  and	
  
elsewhere	
  determined	
  how	
  these	
  
characteris-cs	
  could	
  be	
  searched	
  for	
  
systema-cally	
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10	
  Key	
  CharacterisBcs	
  of	
  Human	
  Carcinogens	
  
•  Established	
  human	
  

carcinogens	
  commonly	
  exhibit	
  
one	
  or	
  more	
  characteris-cs	
  

•  Data	
  on	
  these	
  characteris-cs	
  
can	
  provide	
  evidence	
  of	
  
carcinogenicity	
  

•  They	
  can	
  also	
  help	
  in	
  
interpreBng	
  the	
  relevance	
  and	
  
importance	
  of	
  findings	
  of	
  
cancer	
  in	
  animals	
  and	
  in	
  
humans.	
  

Key characteristic: 

1. Is electrophilic or can be metabolically activated 

2. Is genotoxic 

3. Alters DNA repair or causes genomic instability  

4. Induces epigenetic alterations  

5. Induces oxidative stress 

6. Induces chronic inflammation  

7. Is immunosuppressive 

8. Modulates receptor-mediated effects  

9. Causes immortalization  

10. Alters cell proliferation, cell death, or nutrient 
supply  

Smith	
  MT,	
  Guyton	
  KZ,	
  Gibbons	
  CF,	
  Fritz	
  JM	
  et	
  al..	
  Env	
  Health	
  Persp.,	
  124(6):713-­‐21	
   MT	
  Smith,	
  UCB	
  Sept	
  2018	
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CharacterisBc	
  

	
  	
  
Examples	
  of	
  relevant	
  evidence	
  

1.	
  Is	
  Electrophilic	
  or	
  Can	
  Be	
  Metabolically	
  
AcBvated	
  

Parent	
  compound	
  or	
  metabolite	
  with	
  an	
  electrophilic	
  
structure	
  (e.g.,	
  epoxide,	
  quinone,	
  etc),	
  forma-on	
  of	
  DNA	
  and	
  
protein	
  adducts.	
  

2.	
  Is	
  Genotoxic	
   DNA	
  damage	
  (DNA	
  strand	
  breaks,	
  DNA-­‐protein	
  cross-­‐links,	
  
unscheduled	
  DNA	
  synthesis),	
  intercala-on,	
  gene	
  muta-ons,	
  
cytogene-c	
  changes	
  (e.g.,	
  chromosome	
  aberra-ons,	
  
micronuclei).	
  

3.	
  Alters	
  DNA	
  repair	
  or	
  causes	
  genomic	
  instability	
   Altera-ons	
  of	
  DNA	
  replica-on	
  or	
  repair	
  (e.g.,	
  topoisomerase	
  
II,	
  base-­‐excision	
  or	
  double-­‐strand	
  break	
  repair)	
  

4.	
  Induces	
  EpigeneBc	
  AlteraBons	
   DNA	
  methyla-on,	
  histone	
  modifica-on,	
  microRNA	
  
expression	
  

5.	
  Induces	
  OxidaBve	
  Stress	
   Oxygen	
  radicals,	
  oxida-ve	
  stress,	
  oxida-ve	
  damage	
  to	
  
macromolecules	
  (e.g.,	
  DNA,	
  lipids)	
  

6.	
  Induces	
  chronic	
  inflammaBon	
   Elevated	
  white	
  blood	
  cells,	
  myeloperoxidase	
  ac-vity,	
  altered	
  cytokine	
  and/or	
  chemokine	
  produc-on	
  

7.	
  Is	
  Immunosuppressive	
   Decreased	
  immunosurveillance,	
  immune	
  system	
  dysfunc-on	
  

8.	
  Modulates	
  receptor-­‐mediated	
  effects	
   Receptor	
  in/ac-va-on	
  (e.g.,	
  ER,	
  PPAR,	
  AhR)	
  or	
  modula-on	
  of	
  exogenous	
  ligands	
  (including	
  hormones)	
  

9.	
  Causes	
  ImmortalizaBon	
   Inhibi-on	
  of	
  senescence,	
  cell	
  transforma-on	
  

10.	
  Alters	
  cell	
  proliferaBon,	
  cell	
  death	
  or	
  nutrient	
  supply	
  	
   Increased	
  prolifera-on,	
  decreased	
  apoptosis,	
  changes	
  in	
  growth	
  factors,	
  energe-cs	
  and	
  signaling	
  
pathways	
  related	
  to	
  cellular	
  replica-on	
  or	
  cell	
  cycle	
  control,	
  angiogenesis	
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CharacterisBc	
  

	
  	
  
Examples	
  of	
  relevant	
  evidence	
  

6.	
  Induces	
  chronic	
  inflammaBon	
   Elevated	
  white	
  blood	
  cells,	
  myeloperoxidase	
  ac-vity,	
  
altered	
  cytokine	
  and/or	
  chemokine	
  produc-on	
  

7.	
  Is	
  Immunosuppressive	
   Decreased	
  immunosurveillance,	
  immune	
  system	
  
dysfunc-on	
  

8.	
  Modulates	
  receptor-­‐mediated	
  effects	
   Receptor	
  in/ac-va-on	
  (e.g.,	
  ER,	
  PPAR,	
  AhR)	
  or	
  modula-on	
  
of	
  endogenous	
  ligands	
  (including	
  hormones)	
  

9.	
  Causes	
  ImmortalizaBon	
   Inhibi-on	
  of	
  senescence,	
  cell	
  transforma-on,	
  altered	
  
telomeres	
  

10.	
  Alters	
  cell	
  proliferaBon,	
  cell	
  death	
  or	
  nutrient	
  
supply	
  	
  

Increased	
  prolifera-on,	
  decreased	
  apoptosis,	
  changes	
  in	
  
growth	
  factors,	
  energe-cs	
  and	
  signaling	
  pathways	
  related	
  to	
  
cellular	
  replica-on	
  or	
  cell	
  cycle	
  control,	
  angiogenesis	
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A	
  Hallmark	
  versus	
  a	
  Key	
  Characteris-c	
  

•  A	
  Hallmark	
  describes	
  what	
  IS	
  

•  A	
  Key	
  Characteris-c	
  (KC)	
  describes	
  
Something	
  that	
  makes	
  “what	
  is”	
  happen	
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INTEGRATION	
  OF	
  THE	
  KCs	
  WITH	
  HALLMARKS	
  
Characteris-cs	
  1,2,4	
  and	
  8	
  can	
  influence	
  all	
  Hallmarks	
  

Key	
  CharacterisBcs	
  
1.	
  Is	
  electrophilic	
  or	
  can	
  be	
  metabolically	
  
acBvated	
  
2.	
  Is	
  genotoxic	
  
3.	
  Alters	
  DNA	
  repair	
  or	
  causes	
  genomic	
  
instability	
  	
  
4.	
  Induces	
  epigeneBc	
  alteraBons	
  	
  
5.	
  Induces	
  oxidaBve	
  stress	
  
6.	
  Induces	
  chronic	
  inflammaBon	
  	
  
7.	
  Is	
  immunosuppressive	
  
8.	
  Modulates	
  receptor-­‐mediated	
  effects	
  	
  
9.	
  Causes	
  immortalizaBon	
  	
  
10.	
  Alters	
  cell	
  proliferaBon,	
  cell	
  death,	
  or	
  
nutrient	
  supply	
  	
  

Hallmarks	
  
1.	
  GeneBc	
  Instability	
  
2.	
  Sustained	
  ProliferaBve	
  Signalling	
  
3.	
  Evasion	
  of	
  AnB-­‐growth	
  Signalling	
  
4.	
  Resistance	
  to	
  Cell	
  Death	
  
5.	
  ReplicaBve	
  Immortality	
  	
  
6.	
  Dysregulated	
  Metabolism	
  	
  
7.	
  Immune	
  System	
  Evasion	
  
8.	
  Angiogenesis	
  
9.	
  InflammaBon	
  
10.	
  Tissue	
  Invasion	
  and	
  Metastasis	
  
	
  
PLUS	
  -­‐	
  Tumor	
  Microenvironment	
  

28	
  

KCs	
  act	
  by	
  disrup-ng	
  Hallmark	
  processes	
  –	
  Conclusion	
  of	
  Working	
  
Group	
  convened	
  in	
  Berkeley,	
  August	
  21-­‐22,	
  2018	
  

MT	
  Smith,	
  UCB	
  Sept	
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KC3: Alters DNA Repair or Causes Genomic Instability 	
  
 	
  

(Hallmark) Genetic Instability	
  
 	
  

KC5: Induces Oxidative Stress	
  
 	
  

(Hallmark) Dysregulated Metabolism 	
  
 	
  

KC6: Induces Chronic Inflammation 	
  
 	
  

(Hallmark) Inflammation	
  
 	
  

KC7: Is Immunosuppressive 	
  
 	
  

(Hallmark) Immune System Evasion	
  
 	
  

KC9: Causes Immortalization 	
  
 	
  

(Hallmark) Replicative Immortality 	
  
 	
  

KC10: Alters Cell Proliferation, Cell Death, or Nutrient 
Supply 	
  
 	
  

(Hallmark) Sustained Proliferative Signalling	
  
(Hallmark) Evasion of Anti-growth Signalling	
  
(Hallmark) Resistance to Cell Death	
  
(Hallmark) Angiogenesis	
  

NO	
  KCs	
   (Hallmark) Tissue Invasion and Metastasis	
  
(Hallmark) Tumor Microenvironment	
  

INTEGRATION	
  OF	
  THE	
  KCs	
  WITH	
  HALLMARKS	
  
Characteris-cs	
  3,5,6,7,9,10	
  influence	
  specific	
  Hallmarks	
  

Several	
  KCs	
  act	
  by	
  disrup-ng	
  specific	
  Hallmark	
  processes	
  –	
  From	
  Leroy	
  Lowe’s	
  
presenta-on	
  to	
  Working	
  Group	
  convened	
  in	
  Berkeley,	
  August	
  21-­‐22,	
  2018	
  

MT	
  Smith,	
  UCB	
  Sept	
  2018	
   29	
  



According	
  to	
  Bill	
  Goodson	
  from	
  Kansas	
  City	
  the	
  
KCs	
  were	
  bound	
  to	
  integrate	
  with	
  the	
  Hallmarks	
  

Excep-on:	
  KC	
  and	
  the	
  Sunshine	
  Band	
  are	
  from	
  Florida	
  
MT	
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  2018	
   30	
  



Applica-ons	
  of	
  the	
  KCs	
  
•  Searching	
  the	
  literature	
  –	
  Set	
  of	
  MeSH	
  terms	
  
developed	
  –	
  Facilitate	
  systema-c	
  review	
  

•  Iden-fy	
  data	
  gaps	
  
•  Development	
  of	
  MOA/AOP	
  or	
  networks	
  
•  Improve	
  predic-ve	
  toxicology	
  
•  Be`er	
  understanding	
  of	
  cumula-ve	
  risk	
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Targeted	
  searches	
  for	
  each	
  key	
  characterisBc	
   Organize	
  results	
  by	
  key	
  characterisBcs,	
  species,	
  etc	
  

SystemaBc	
  Approach	
  	
  
Using	
  Key	
  CharacterisBcs	
  of	
  Carcinogens	
  

Smith	
  MT,	
  Guyton	
  KZ,	
  Gibbons	
  CF,	
  Fritz	
  JM	
  et	
  al..	
  Env	
  Health	
  Persp.,	
  124(6):713-­‐21	
   MT	
  Smith,	
  UCB	
  Sept	
  2018	
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10 KCs in Literature Screening (e.g., 
Distiller) 

Slide	
  from	
  
Catherine	
  
Gibbons,	
  
EPA	
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10 KCs in automated literature sorting 
and screening (SWIFT) 

Slide	
  from	
  
Catherine	
  
Gibbons,	
  
EPA	
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Applica-on	
  of	
  the	
  KCs	
  at	
  IARC	
  
Use	
  the	
  KCs	
  to:	
  
•  Iden-fy	
  the	
  relevant	
  mechanis-c	
  informa-on	
  
•  Screen	
  and	
  organize	
  the	
  search	
  results	
  
•  Evaluate	
  quality	
  of	
  the	
  iden-fied	
  studies	
  
•  Summarize	
  the	
  evidence	
  for	
  each	
  KC	
  as	
  strong,	
  
moderate	
  or	
  weak	
  and	
  determine	
  if	
  it	
  operates	
  in	
  
humans	
  or	
  human	
  in	
  vitro	
  systems	
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Use	
  of	
  KCs	
  in	
  Recent	
  IARC	
  Monographs	
  EvaluaBons	
  

Agent Group 
Cancer in 
humans 

Cancer in 
animals Strong mechanistic evidence (key characteristic) 

Penta-
chlorophenol 

1 Sufficient Sufficient Is metabolically activated, is genotoxic, induces oxidative stress, modulates 
receptor-mediate effects, alters cell proliferation or death (1, 2, 5, 6, 8, 10) 

Welding fumes 1 Sufficient Sufficient Are immunosuppressive, induce chronic inflammation (6, 7) 

DDT 2A Limited  Sufficient Modulates receptor-mediated effects, is immunosuppressive, induces oxidative 
stress (5,7,8) 

Dimethyl-
formamide!

2A Limited  Sufficient Is metabolically activated, induces oxidative stress, alters cell proliferation (1, 
5, 10) 

Tetrabromo- 
bisphenol A 

2A* Inadequate Sufficient Modulates receptor-mediated effects, is immunosuppressive, induces 
oxidative stress (5, 7, 8) 

Tetrachloro-
azobenzene 

2A* Inadequate Sufficient Induces oxidative stress, is immunosuppressive, modulates receptor-
mediated effects (6, 8, 10) 

ITO, melamine 2B Inadequate Sufficient  Induces chronic inflammation (8) 

Parathion, TCP 2B Inadequate Sufficient  

 

*Overall	
  evalua-on	
  upgraded	
  to	
  Group	
  2A	
  with	
  suppor-ng	
  evidence	
  from	
  other	
  relevant	
  data	
  

MT	
  Smith,	
  UCB	
  Sept	
  2018	
   36	
  



Key	
  CharacterisBcs	
  with	
  Strong	
  Evidence	
  across	
  MulBple	
  EvaluaBons	
  
	
  (IARC	
  Monographs	
  Vol.	
  112-­‐119)	
  

0	
   1	
   2	
   3	
   4	
   5	
   6	
   7	
   8	
   9	
   10	
  

Induces	
  oxida-ve	
  stress	
  

Is	
  genotoxic	
  

Induces	
  chronic	
  inflamma-on	
  

Alters	
  cell	
  prolif./death/nutrient	
  supply	
  

Is	
  electrophilic/metabolically	
  ac-vated	
  

Is	
  immunosuppressive	
  

Modulates	
  receptor-­‐mediated	
  effects	
  

Number	
  of	
  agents	
  with	
  strong	
  evidence	
  

Ke
y	
  
Ch

ar
ac
te
ris
Bc
	
  

Group	
  1/2A	
  
Group	
  2B	
  

N.B.	
  Group	
  2B	
  generally	
  less	
  studied	
  	
  
–	
  significant	
  data	
  gaps	
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Applica-ons	
  of	
  the	
  KCs	
  
•  Searching	
  the	
  literature	
  –	
  Set	
  of	
  MeSH	
  terms	
  
developed	
  –	
  Facilitate	
  systema-c	
  review	
  

•  Iden-fy	
  data	
  gaps	
  
•  Development	
  of	
  MOA/AOP	
  or	
  networks	
  
•  Improve	
  predic-ve	
  toxicology	
  
•  Be`er	
  understanding	
  of	
  cumula-ve	
  risk	
  

MT	
  Smith,	
  UCB	
  Sept	
  2018	
   38	
  



39	
  hlps://ntp.niehs.nih.gov/ntp/about_ntp/monopeerrvw/
2017/july/haafinalmonograph_508.pdf	
  

Use	
  of	
  the	
  KCs	
  by	
  the	
  NTP	
  Report	
  on	
  Carcinogens	
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Benzene	
  Mechanis-c	
  Data	
  Search	
  
conducted	
  using	
  the	
  Health	
  Assessment	
  Workplace	
  Collabora-ve	
  (HAWC)	
  	
  

Literature	
  Search	
  tool	
  (h`ps://hawcproject.org/)	
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Electrophilic	
  
metabolites	
  

Metabolic	
  Ac-va-on	
  

ROS	
  
Oxida-ve	
  DNA	
  

Damage	
  

Oxida-ve	
  Stress	
  
Topo	
  II	
  Inhibi-on	
  
Inhibi-on	
  of	
  DNA	
  
Repair	
  Pathways	
  

Metabolites	
  induce	
  
genomic	
  instability	
  
Altered	
  DNA	
  Repair	
  

DNA	
  Damage	
  
Muta-ons	
  

Chromosome	
  
aberra-ons	
  
Genotoxicity	
  

Reduced	
  Immune	
  
Surveillance	
  

Immunosuppression	
  

Stem	
  Cell	
  
Transforma-on	
  
Prolifera-on	
  

Clonal	
  Expansion	
  
Altered	
  Cell	
  
Prolifera-on	
  

AhR	
  
Dysregula-on	
  

Modula-on	
  of	
  
receptor	
  

Altered	
  DNA	
  
methyla-on,	
  

miRNA	
  changes,	
  
Histone	
  

modifica-ons	
  Epigene-c	
  
altera-ons	
  

Human	
  Leukemia	
  
Rodent	
  Tumors	
  

Benzene	
  Exposure	
  

Benzene Example: Incorporating Mechanistic Data on KCs into a 
Mode of Action /Adverse Outcome Pathway (AOP) 

PP	
  

Proposed	
  mode	
  of	
  ac-on	
  of	
  
benzene-­‐induced	
  leukemia:	
  
Interpre-ng	
  available	
  data	
  and	
  
iden-fying	
  cri-cal	
  data	
  gaps	
  for	
  
risk	
  assessment.	
  
	
  
Meek	
  ME,	
  Klaunig	
  JE.	
  
	
  
Chem	
  Biol	
  Interact.	
  2010,	
  
184(1-­‐2):279-­‐85.	
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Electrophilic	
  
metabolites	
  

Metabolic	
  Ac-va-on	
  

ROS	
  
Oxida-ve	
  DNA	
  

Damage	
  

Oxida-ve	
  Stress	
  
Topo	
  II	
  Inhibi-on	
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Limita-ons	
  of	
  MOA/AOP	
  Approach	
  
•  Biology	
  is	
  not	
  linear	
  –	
  influenced	
  by	
  feedback	
  mechanisms,	
  

repair,	
  background,	
  suscep-bili-es…Network	
  of	
  systems	
  
•  Mul-ple	
  ways	
  to	
  arrive	
  at	
  same	
  conclusion	
  –	
  Does	
  not	
  fit	
  

with	
  Causal	
  Pie	
  concept	
  	
  
•  Limited	
  by	
  the	
  current	
  understanding	
  of	
  the	
  disease	
  process	
  

(recognized	
  by	
  Sir	
  Bradford	
  Hill,	
  who	
  noted	
  that	
  “what	
  is	
  
biologically	
  plausible	
  depends	
  upon	
  the	
  biological	
  
knowledge	
  of	
  the	
  day”)	
  

•  Key	
  events	
  are	
  supposed	
  to	
  be	
  quan-fiable	
  but	
  in	
  reality	
  
they	
  may	
  be	
  impossible	
  to	
  measure	
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Rothman's	
  Causal	
  Pies	
  
Three	
  causal	
  pies	
  each	
  with	
  various	
  components.	
  

	
  

MOA/AOP	
  approach	
  does	
  not	
  fit	
  with	
  Rothman’s	
  causal	
  pies	
  concept	
  
which	
  envisages	
  mul-ple	
  combina-ons	
  of	
  causes	
  producing	
  a	
  disease	
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Limita-ons	
  of	
  MOA/AOP	
  Approach	
  
•  Biology	
  is	
  not	
  linear	
  –	
  influenced	
  by	
  feedback	
  mechanisms,	
  

repair,	
  background,	
  suscep-bili-es…Network	
  of	
  systems	
  
•  Mul-ple	
  ways	
  to	
  arrive	
  at	
  same	
  conclusion	
  –	
  Does	
  not	
  fit	
  

with	
  Causal	
  Pie	
  concept	
  	
  
•  Limited	
  by	
  the	
  current	
  understanding	
  of	
  the	
  disease	
  process	
  

(recognized	
  by	
  Sir	
  Bradford	
  Hill,	
  who	
  noted	
  that	
  “what	
  is	
  
biologically	
  plausible	
  depends	
  upon	
  the	
  biological	
  
knowledge	
  of	
  the	
  day”)	
  

•  Key	
  events	
  are	
  supposed	
  to	
  be	
  quan-fiable	
  but	
  in	
  reality	
  
they	
  may	
  be	
  impossible	
  to	
  measure	
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Limita-ons	
  of	
  MOA/AOP	
  Approach	
  
(con-nued)	
  

•  MOA/AOP	
  may	
  be	
  incomplete	
  or	
  wrong	
  [e.g.	
  
DEHP	
  –	
  	
  Rusyn	
  and	
  Corton	
  (2012)]	
  

•  Focus	
  on	
  ‘favorite’	
  mechanism	
  may	
  introduce	
  
bias,	
  especially	
  on	
  commi`ees	
  and	
  public	
  
databases	
  

•  How	
  many	
  ‘validated’	
  AOPs	
  needed	
  for	
  100K	
  
chemicals	
  producing	
  100s	
  of	
  adverse	
  outcomes	
  in	
  
different	
  ways?	
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Key characteristics don’t require risk 
assessor to guess the mechanism 

•  Mechanistic hypotheses in science are beneficial 
because if you test it and are wrong then you 
modify the hypothesis and get closer to the truth  

•  Mechanistic hypotheses in risk assessment are 
problematic because if you are wrong you may 
have made a bad risk decision that cannot easily 
be changed and may have caused medical or 
economic harm MT	
  Smith,	
  UCB	
  Sept	
  2018	
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Using	
  21st	
  Century	
  Science	
  to	
  Improve	
  Risk-­‐
Related	
  EvaluaBons	
  -­‐	
  Comments	
  

•  The	
  KC	
  “approach	
  avoids	
  a	
  narrow	
  focus	
  on	
  specific	
  pathways	
  and	
  
hypotheses	
  and	
  provides	
  for	
  a	
  broad,	
  holis-c	
  considera-on	
  of	
  the	
  
mechanis-c	
  evidence.”	
  (P.144)	
  

•  “The	
  commi`ee	
  notes	
  that	
  key	
  characteris-cs	
  for	
  other	
  hazards,	
  
such	
  as	
  cardiovascular	
  and	
  reproduc-ve	
  toxicity,	
  could	
  be	
  
developed	
  as	
  a	
  guide	
  for	
  evalua-ng	
  the	
  rela-onship	
  between	
  
perturba-ons	
  observed	
  in	
  assays,	
  their	
  poten-al	
  to	
  pose	
  a	
  hazard,	
  
and	
  their	
  contribu-on	
  to	
  risk.”	
  (p.141)	
  

•  Through	
  a	
  project	
  funded	
  by	
  OEHHA	
  (Cal	
  EPA),	
  KCs	
  for	
  reproduc-ve	
  
toxicants	
  and	
  endocrine	
  disruptors	
  have	
  been	
  developed	
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Working	
  Group	
  on	
  KCs	
  of	
  Endocrine	
  
Disruptors	
  and	
  Reproduc-ve	
  Toxicants	
  

Berkeley	
  CA,	
  March	
  7-­‐8,	
  2018	
   MT	
  Smith,	
  UCB	
  Sept	
  2018	
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Using	
  21st	
  Century	
  Science	
  to	
  Improve	
  Risk-­‐
Related	
  EvaluaBons	
  -­‐	
  RecommendaBon	
  

“The	
  commi`ee	
  encourages	
  the	
  cataloging	
  of	
  pathways,	
  components,	
  
and	
  mechanisms	
  that	
  can	
  be	
  linked	
  to	
  par-cular	
  hazard	
  traits,	
  similar	
  
to	
  the	
  IARC	
  characteris-cs	
  of	
  carcinogens.	
  	
  This	
  work	
  should	
  draw	
  on	
  
exis-ng	
  knowledge	
  and	
  current	
  research	
  in	
  the	
  biomedical	
  fields	
  
related	
  to	
  mechanisms	
  of	
  disease	
  that	
  are	
  outside	
  the	
  tradi-onal	
  
toxicant-­‐focused	
  literature	
  that	
  has	
  been	
  the	
  basis	
  of	
  human	
  health	
  
risk	
  evalua-ons	
  and	
  of	
  assessments	
  and	
  toxicology.	
  The	
  work	
  should	
  
be	
  accompanied	
  by	
  research	
  efforts	
  to	
  describe	
  the	
  series	
  of	
  assays	
  
and	
  responses	
  that	
  provide	
  evidence	
  on	
  pathway	
  ac-va-on	
  and	
  to	
  
establish	
  a	
  system	
  for	
  interpre-ng	
  assay	
  results	
  for	
  the	
  purpose	
  of	
  
inferring	
  pathway	
  ac-va-on	
  from	
  chemical	
  exposure.”	
  (p.156)	
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ToxCast	
  Assays	
  (>800	
  endpoints)	
  

Species	
  
human	
  
rat	
  

mouse	
  
zebrafish	
  
sheep	
  
boar	
  
rabbit	
  
ca`le	
  

guinea	
  pig	
  

Cell	
  Format	
  
cell	
  free	
  	
  
cell	
  lines	
  

primary	
  cells	
  
complex	
  cultures	
  
free	
  embryos	
  

DetecBon	
  Technology	
  
qNPA	
  and	
  ELISA	
  

Fluorescence	
  &	
  Luminescence	
  
Alamar	
  Blue	
  Reduc-on	
  	
  
Arrayscan	
  /	
  Microscopy	
  
Reporter	
  gene	
  ac-va-on	
  

Spectrophotometry	
  	
  
Radioac-vity	
  
HPLC	
  and	
  HPEC	
  

ELISA	
  

Readout	
  Type	
  
single	
  

mul-plexed	
  
mul-parametric	
  

Assay	
  Provider	
  
ACEA	
  

Apredica	
  
A`agene	
  

BioReliance	
  
BioSeek	
  
CeeTox	
  

CellzDirect	
  
Tox21/NCATS	
  
NHEERL	
  MESC	
  

NHEERL	
  Zebrafish	
  
NovaScreen	
  (Perkin	
  Elmer)	
  

Odyssey	
  Thera	
  
Vala	
  Sciences	
  

Assay	
  Design	
  
viability	
  reporter	
  

morphology	
  reporter	
  
conforma-on	
  reporter	
  

enzyme	
  reporter	
  
membrane	
  poten-al	
  reporter	
  

binding	
  reporter	
  
inducible	
  reporter	
  

Biological	
  Response	
  
cell	
  prolifera-on	
  and	
  death	
  

cell	
  differen-a-on	
  
Enzyma-c	
  ac-vity	
  

mitochondrial	
  depolariza-on	
  
protein	
  stabiliza-on	
  

oxida-ve	
  phosphoryla-on	
  
reporter	
  gene	
  ac-va-on	
  
gene	
  expression	
  (qNPA)	
  

receptor	
  binding	
  
receptor	
  ac-vity	
  
steroidogenesis	
  

Tissue	
  Source	
  
Lung	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Breast	
  
Liver	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Vascular	
  
Skin	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Kidney	
  
Cervix	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Tes-s	
  
Uterus	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Brain	
  
Intes-nal	
  	
  	
  	
  	
  	
  	
  	
  Spleen	
  
Bladder	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Ovary	
  
Pancreas	
  	
  	
  	
  	
  	
  	
  	
  Prostate	
  
Inflammatory	
  	
  	
  	
  	
  Bone	
  

Target	
  Family	
  
TF	
  response	
  element	
  

transporter	
  
cytokines	
  
kinases	
  

nuclear	
  receptor	
  
CYP450	
  /	
  ADME	
  
cholinesterase	
  
phosphatases	
  
proteases	
  

XME	
  metabolism	
  
GPCRs	
  

ion	
  channels	
  

List	
  of	
  assays,	
  data,	
  and	
  related	
  informaLon	
  at:	
  hlp://www.epa.gov/ncct/	
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Ke
y	
  

ch
ar
ac
te
ris
Bc
	
  

1.	
  Is	
  electrophilic	
  or	
  can	
  
be	
  metabolically	
  	
  

acBvated	
  

4.	
  	
  
Induces	
  epigeneBc	
  

alteraBons	
  

5.	
  	
  
Induces	
  oxidaBve	
  stress	
  

6.	
  	
  
Induces	
  chronic	
  
inflammaBon	
  

8.	
  	
  
Modulates	
  receptor-­‐
mediated	
  effects	
  

10.	
  	
  
Alters	
  cell	
  proliferaBon,	
  cell	
  
death	
  and	
  nutrient	
  supply	
  	
  

As
sa
y	
  
En

dp
oi
nt
s	
   31	
  assays:	
  

• CYP	
  inhibi-on	
  (29)	
  
• Aromatase	
  inhib.	
  (2)	
  

11	
  assays:	
  
• DNA	
  binding	
  (4)	
  
• Transforma-on	
  (7)	
  

18	
  assays:	
  
• Metalloproteinase	
  (5)	
  
• Oxida-ve	
  stress	
  (7)	
  
• Oxida-ve	
  stress	
  marker	
  (6)	
  

45	
  assays:	
  
• Cell	
  adhesion	
  (14)	
  
• Cytokines	
  (29)	
  
• NFkB	
  (2)	
  

81	
  assays:	
  
• AhR	
  (2)	
  
• AR	
  (11)	
  
• ER	
  (18)	
  
• FXR	
  (7)	
  

68	
  assays:	
  
•  Cell	
  cycle	
  (16)	
  
•  Cytotoxicity	
  (41)	
  
•  Mitochondrial	
  	
  toxicity	
  (7)	
  
•  Prolifera-on	
  (4)	
  

• Others	
  (18)	
  
• PPAR	
  (12)	
  
• PXR_VDR	
  (7)	
  
• RAR	
  (6)	
  

2.	
  Is	
  Genotoxic	
   3.	
  Alters	
  DNA	
  repair	
  or	
  causes	
  
genomic	
  instability	
   7.	
  Is	
  Immunosuppressive	
   9.	
  Causes	
  

immortalizaBon	
  

No	
  assay	
  coverage	
  	
  
for	
  4	
  key	
  characterisBcs	
  

10	
  Key	
  CharacterisBcs	
  of	
  Human	
  Carcinogens:	
  

1.	
  Is	
  electrophilic	
  or	
  can	
  be	
  metabolically	
  ac-vated	
  

2.	
  Is	
  genotoxic	
  

3.	
  Alters	
  DNA	
  repair	
  or	
  causes	
  genomic	
  instability	
  	
  

4.	
  Induces	
  epigene-c	
  altera-ons	
  	
  

5.	
  Induces	
  oxida-ve	
  stress	
  

6.	
  Induces	
  chronic	
  inflamma-on	
  	
  

7.	
  Is	
  immunosuppressive	
  

8.	
  Modulates	
  receptor-­‐mediated	
  effects	
  	
  

9.	
  Causes	
  immortaliza-on	
  	
  

10.	
  Alters	
  cell	
  prolifera-on,	
  cell	
  death,	
  or	
  nutrient	
  supply	
  	
  

ToxCast	
  iCSS	
  dashboard	
  
(h`p://actor.epa.gov/dashboard/)	
  

	
  
•  821	
  assays	
  
•  1860	
  chemicals	
  

÷ =

At	
  most,	
  274	
  ToxCast/Tox21	
  assays	
  could	
  be	
  mapped	
  to	
  a	
  key	
  characterisBc:	
  

High-­‐Throughput	
  Screening	
  Data	
  

Chiu	
  WA,	
  Guyton	
  KZ,	
  Mar-n	
  MT,	
  Reif	
  DM,	
  Rusyn	
  I.	
  ALTEX.,	
  PMID:	
  28738424.	
   MT	
  Smith,	
  UCB	
  Sept	
  2018	
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What	
  Next	
  for	
  the	
  Key	
  Characteris-cs?	
  
•  Refinement	
  of	
  defini-ons	
  and	
  lis-ng	
  of	
  all	
  assays	
  
for	
  each	
  characteris-c	
  

•  Development	
  of	
  HT	
  assays	
  specific	
  for	
  each	
  
characteris-c	
  –	
  A	
  CarciCAST	
  –	
  Tes-ng	
  of	
  new	
  
drugs	
  and	
  chemicals	
  (see	
  Fielden	
  et	
  al.	
  2017)	
  

•  Key	
  characteris-cs	
  of	
  other	
  endpoints	
  –
cardiovascular	
  toxicity;	
  developmental	
  toxicity	
  
etc.	
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Use	
  of	
  KC’s	
  for	
  assessment	
  of	
  therapeu-cs	
  

Hypothesis:	
  EvaluaBng	
  the	
  Key	
  CharacterisBcs	
  will	
  provide	
  a	
  more	
  comprehensive	
  and	
  predicBve	
  assessment	
  of	
  human	
  
cancer	
  risk	
  than	
  evaluaBng	
  tumors	
  in	
  rodent	
  bioassays	
  

Mechanisms	
  of	
  Human	
  Carcinogens	
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Growth	
  control:	
  prolifera-on,	
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On/off-­‐target	
  pharmacology	
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  et	
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  Trends	
  Pharmacol	
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QuesBon	
  for	
  the	
  Future	
  
If	
  a	
  chemical	
  possesses	
  mul-ple	
  key	
  
characteris-cs	
  can	
  we	
  classify	
  it	
  as	
  a	
  
possible/probable	
  human	
  carcinogen	
  

without	
  any	
  animal	
  bioassay	
  or	
  
epidemiological	
  data?	
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Summary 
•  Scien-fic	
  findings	
  providing	
  insights	
  into	
  cancer	
  mechanisms	
  play	
  

an	
  increasingly	
  important	
  role	
  in	
  carcinogen	
  hazard	
  iden-fica-on	
  
•  The	
  key	
  characterisBcs	
  of	
  known	
  human	
  carcinogens	
  provide	
  the	
  

basis	
  for	
  a	
  knowledge-­‐based	
  approach	
  to	
  evaluaBng	
  mechanisBc	
  
data	
  rather	
  than	
  a	
  hypothesis-­‐based	
  one	
  like	
  MOA/AOP	
  

•  Shows	
  carcinogens	
  tend	
  to	
  act	
  through	
  mul-ple	
  mechanisms	
  in	
  
producing	
  the	
  hallmarks	
  of	
  human	
  and	
  animal	
  tumors	
  	
  

•  Recent	
  IARC	
  Monograph,	
  EPA,	
  CalEPA	
  and	
  NTP	
  evalua-ons	
  have	
  
illustrated	
  the	
  applicability	
  of	
  the	
  KC	
  approach	
  

•  May	
  be	
  compa-ble	
  with	
  HT	
  assays,	
  but	
  need	
  to	
  develop	
  new	
  ones	
  
based	
  on	
  characteris-cs	
  and	
  hallmarks.	
  Same	
  for	
  biomarkers.	
  

•  Key	
  characteris-cs	
  for	
  other	
  forms	
  of	
  toxicity	
  are	
  being	
  developed	
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Thank you for listening!  
 


