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•• Cell Cycle ArrestCell Cycle Arrest
•• DNA RepairDNA Repair
•• ApoptosisApoptosis



CELL CYCLE CELL CYCLE ARRESTARREST

DNA  REPAIRDNA  REPAIR APOPTOSISAPOPTOSIS



GOALS:GOALS:

• Provide an overall description of how these three
processes work to inhibit transformation.

• Describe how they are mechanistically connected.

• Show how they interact with radiation damage.

• Discuss molecular epidemiology implications for
gene-environment interaction studies.

• Review epidemiological biases and confounding
issues.        



DNA damage is thought to be the primary 
mechanism by which radiation transforms cells.

Yet, only a small number of cells are actually 
transformed.

How are most cells protecting themselves from 
DNA damage-mediated transformation?









CELL  CYCLE CELL  CYCLE 
ARRESTARREST



Cancer cells “evolve” into a highly unstable phenotype:Cancer cells “evolve” into a highly unstable phenotype:

Loss of contact inhibition

Loss of anchorage dependence

Tumorogenesis

Metastasis



The ability to undergo successive genetic change 
suggests that a loss of genetic stability is an early 
event in carcinogenesis.

Cell cycle control via cell cycle checkpoints, is 
thought to be a major mechanism by which cells 
maintain genetic stability.



WHY  CHECKPOINTS?WHY  CHECKPOINTS?

Fidelity of cell division is dependent upon faithful 
copying and segregation of genetic material, both 
spatially and temporally. That is, the ordered 
sequence of specific events is essential to proper 
execution of the task.

For this reason, cells have developed checkpoints 
that insure that the previous replication step is 
complete before the next step begins.



HOW DO CHECKPOINTS WORK?HOW DO CHECKPOINTS WORK?
Checkpoints are governed by phosphorylation activity 
of a group of proteins called CDK (cyclin dependent 
kinases).

The CDKs are active only in complexes that contain at 
least one other protein, called a “cyclin”.

Changes in the cyclin and kinase components of the 
complexes are the “switches” that control and regulate 
progression through the cell cycle.

In this model, a cohort of proteins required for 
progression of a particular phase are activated (or 
inactivated) by phosphorylation of the cyclin/CDK 
complexes.













In yeast, only a single CDK is used by a sequence of 
different cyclins that are briefly transcribed and then 
quickly degraded at specific points in the cell cycle. The 
cyclin is, therefore, the important regulatory component 
determining the specificity of the CDK.

In mammalian cells, multiple CDKs appear to 
be involved:

CDK4 functions early (in response to growth factors)
CDK2 is required to start DNA replication
CDC2 is essential for mitosis

Cyclin
D
E and/or A
A and B



Cyclin/CDK complexes seem to be regulated by a 
variety of feedback mechanism, both positive and 
negative, that include:

• Transcription of cyclin
• Degradation of cyclin
• Phosphorylation of CDKs

Negative feedback occurs during development, 
differentiation, and senescence. It probably acts to 
stop cell cycle progression when the integrity of the 
genome has been compromised for some reason.



WHAT EFFECT DOES DNA DAMAGE HAVE?WHAT EFFECT DOES DNA DAMAGE HAVE?

A major challenge to genetic integrity is physical damage to DNA, 
and it appears that cells have developed strong negative 
feedbacks in response to DNA damage.

Suppression of cell cycle works in concert with DNA repair to:
1. Allow time for DNA repair
2. To stimulate DNA repair activity

Feedback mechanisms are mediated via intermediate proteins that 
detect or respond to either the damaging agent or the damage 
itself and act on the cyclin/CDK complexes to suppress their 
ability to promote progression to the next stage of the cell cycle. 
There are probably many checkpoints throughout the cell and 
only the major ones are known.
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At least two checkpoints are responsive to DNA damage:
• G1-S transition
• G2-M transition

In mammalian cells the G1-S checkpoint is best understood.



G1G1--S checkpoint:S checkpoint:

An early response to DNA damage is induction of 
p53 by a post-translational mechanism.

P53 then transcriptionally activates a set of p53 
dependent genes:

• Gadd45 is a growth arrest DNA damage dependent 
gene
• p21 inhibits the kinase activity of multiple cyclin/CDK 
complexes.

The major consequence of p53 induction is either 
arrest in G1 or apoptosis.



DO  DEFECTIVE  CHECKPOINTS  CAUSE  CANCER?DO  DEFECTIVE  CHECKPOINTS  CAUSE  CANCER?

Evidence suggests that the loss of the G1-S checkpoint 
can result in cancer:

1. p53 is commonly mutated in a wide variety of 
cancers.

2. p53 mutant cells are typically highly aneuploid and 
have gene amplifications.

3. Some cancer viruses express proteins that bind to 
p53.

4. Cells from A-T patients (cancer prone) have 
abnormal induction of p53.



Evidence for the role of the G2-M checkpoint in 
cancer is weaker:

1. Cells from A-T patients undergo reduced G2-M 
arrest in response to DNA damage.

2. Cancer cell lines often have reduced G2-M 
arrest.

3. Some cancer cells have altered expression of 
cyclins A, B, and CDC2.



Zhou et al. Cancer Res. 61:7819, 2001

RadiationRadiation--Induced G2 delay in lymphoblasts mayInduced G2 delay in lymphoblasts may
be a good biomarker for lung cancerbe a good biomarker for lung cancer

Cases

Controls



APOPTOSISAPOPTOSIS





Science 285:898, 1999

APOPTOSISAPOPTOSIS



DNA  REPAIRDNA  REPAIR



Environmental carcinogens

DNA Damage

DNA Repair

Mutatagenesis

Carcinogenesis

Somatic Mutation and CancerSomatic Mutation and Cancer



Major classes of DNA damage:Major classes of DNA damage:

Strand breaks

Base damage

Crosslinks

DSB
SSB

Interstrand
Intrastrand
DNA-protein

Oxydative
Alkylation
Bulk adducts



• Non-homologous end joining (NHEJ)
• Base Excision Repair (BER)
• Nucleotide Excision Repair (NER)
• Homologous Recombination Repair
• Illegitimate Recombination Repair
• Mismatch Repair (MMR)

Major DNA repair pathways:Major DNA repair pathways:



254 nm

>320 nm





Fish with thyroid tumors

UV (24 J/m2)
UV + PRL
PRL + UV
untreated

Number       Percent
40/40             100%

38/40               95%
0/22             0%

0/22             0%

UV PRL

PRL UV







“… the failure of DNA repair in the
skin must be related to carcinogenesis.”

-- James E. Cleaver



Nucleotide Excision Repair  (NER)Nucleotide Excision Repair  (NER)



T. Lindahl and R.D. Wood, Science 286, 1897, 1999





NER  PATHWAY GENESNER  PATHWAY GENES
GENE ALIASES DESCRIPTION
CCNH cyclin H
CDK7 cyclin-dependent kinase 7
CETN2 CALT CEN2 caltractin isoform 1 (Centrin 2)
CKN1 CSA Cockayne syndrome 1 (classical)
DDB1 damage-specific DNA binding protein 1
DDB2 damage-specific DNA binding protein 2
ERCC1 UV20 excision repair cross-complementing group 1
ERCC2 XPD excision repair cross-complementing group 2
ERCC3 XPB BTF2 GTF2H RAD25 TFIIH excision repair cross-complementing group 3
ERCC4 XPF RAD1 excision repair cross-complementing group 4
ERCC5 XPG UVDR XPGC ERCM2 excision repair cross-complementing group 5
ERCC6 CSB CKN2 COFS RAD26 excision repair cross-complementing group 6
GTF2H1 general transcription factor IIH, polypeptide 1
GTF2H2 general transcription factor IIH, polypeptide 2
GTF2H3 general transcription factor IIH, polypeptide 3
GTF2H4 general transcription factor IIH, polypeptide 4
LIG1 ligase I, DNA, ATP-dependent
MNAT1 menage a trois 1 (CAK assembly factor)
RAD23A HHR23A RAD23 homolog A 
RAD23B HHR23B P58 HR23B RAD23 homolog B
RPA1 replication protein A1
RPA2 replication protein A2
RPA3 replication protein A3
XAB2 HCNP HCNP protein; XPA-binding protein 2
XPA XP1 XPAC XP complementation group A



Cancer 100:1, 2004

Individuals at risk for skin cancer are at risk for other cancers



Mismatch Repair                        



Mismatch repair associated tumors in mouse modelsMismatch repair associated tumors in mouse models



Base Excision
Repair



Non-Homologous End Joining (NHEJ)                    



Rothkamm and Lobrick, PNAS, 2003



Homologous Recombination                        



Illegitimate Recombination                        



DNA  REPAIR  PATHWAYS

ERROR-FREE
PATHWAYS
base excision repair
nucleotide excision repair
mismatch repair

ERROR-PRONE
PATHWAYS
NHEJ
illegitimate recombination

glycosylasesglycosylases DNA polymerases
APAP--endonuclesesendonucleses ligases
dRpdRp--asesases

DNA-PKcs
Ku



TARGET  THEORY



CANCER

CELL DEATH

NORMAL  CELL



CANCER

CELL DEATH

A-T  CELL



Are radiation sensitivity genes and radiation carcinogenesis
genes the same? 

• Several radiation sensitivity genes are known (e.g. ATM), but generally
these genes confer sensitivity specifically to radiation-induced killing. 

• Cellular radiosensitivity genes are potential radiation carcinogenesis genes,
but association with increased cancer risk has not been established.

• The problem may be that sensitivity to radiation lethality and radiation
carcinogenesis may be competing phenotypes.

DEATH

CANCER



• If DNA repair deficiency predisposes to radiation 
induced cancer, then what are the mutated target 
genes that cause cellular transformation?

• What is the mechanism of transformation?

OTHER  TARGET  QUESTIONS:OTHER  TARGET  QUESTIONS:





• Caused by a germline mutation in p53 gene (TP53)

• Characterized by the occurrence of early onset:

• sarcomas
• breast cancer
• brain tumours
• leukemia
• adrenocortical tumors

LiLi--Fraumeni Fraumeni SyndromeSyndrome



DE Brash et al. PNAS 88:10124, 1991

Skin cancers have unique p53 mutations:Skin cancers have unique p53 mutations:



DE Brash et al. PNAS 88:10124, 1991

Mutation spectrum matched UV mutagenesis and differs fromMutation spectrum matched UV mutagenesis and differs from
mutations in internal tumors:mutations in internal tumors:



Family pedigree with proband (1265, arrow) diagnosed with both breast cancer and sarcoma. A
heterozygous germline mutation in CHK2 is accompanied by loss of the wild type CHK2 allele
in breast cancer of the proband. The mutant R145W allele encodes and unstable protein.
(S.B. Lee et al. Cancer Res. 61: 8062, 2001) 

Mutations in Chk2 produce the LiMutations in Chk2 produce the Li--Fraumeni Fraumeni phenotypephenotype



Gorlin SyndromeGorlin Syndrome
• Nevoid basal cell carcinoma syndrome (NBCCS)

• Autosomal dominant disease with high penetrance

• Accounts for ~0.5% of all BCC cases (probably much higher
percentage of early onset BCC)

• 20% of the patients also develop medulloblastoma
and other cancers.

• Patients treated with radiotherapy develop large numbers
of basal cell carcinomas in the radiation field.

• Gene responsible is the human homolog of the “Patched”
gene (PTCH) in Drosophila, and may be a tumor suppressor
in mammalian cells.

• Patched is a transmembrane signal transduction protein upstream
of sonic hedgehog, Smoothened, and the proto-oncogene Gli1.

• PTCH heterozygote mice have enhanced sensitivity to radiation-
induced teratogenesis.



ICRP Publication 79, 1998

• Very early onset • Many primary tumors



Verónica Martín, Graciela Carrillo, Carlos Torroja and Isabel Guerrero.  The sterol-sensing 
domain of Patched protein seems to control Smoothened activity through Patched vesicular
trafficking, Curr. Biol. 11: 601-607 (2001). 



Hh and Wnt
Pathways

Nature 411:349-54 (2001)

Taipale J and Beachy PA



Taipale J and Beachy PA Nature 411:349-54 (2001)
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Overexpression oncogenic in mouse skin

*

Defective in Gorlin’s Syndrome*

First cloned as an oncogene *
from glioblastoma

SUFU



EMBO J. 20:2214, 2001

PTCH may PTCH may 
play a role play a role 
in cell cycle in cell cycle 
regulationregulation



Radiation Carcinogenesis:Radiation Carcinogenesis:

Searching for Searching for 
Gene/EnvironmentGene/Environment

InteractionsInteractions

TJJ 2002



Gene-Environmental Interactions in Cancer

Which environmental carcinogens?

Which genes?

Which cancers?



Radiation as an Environmental Carcinogen:

• Known to be a human carcinogen for almost 100 years.
• Strong epidemiological evidence shows clear dose response.
• High dose risks known with reasonable precision/accuracy.
• Low dose risks are highly uncertain and model dependent.
• All tissues believed to be at risk.
• Some risk incurred at all dose levels (i.e. no threshold).
• Dosimetry is very good. (What is a “pack-year” anyway?!)

• All individuals in a population are exposed to some degree.
• Range of exposures within a population can be quite broad.
• Direct interaction with the target of carcinogenesis, and confines
the problem to downstream of DNA damage.

• Major cellular protective molecular mechanisms known in some
degree of detail (e.g. DNA repair and cell cycle arrest).

• Radiation is a relatively weak carcinogen (room for genetic enhancement).



Question of Sensitive 
Subpopulations

Do all people have similar risk of radiation-
induced cancer, or are there genetically
disposed subpopulations of individuals with
very high risk?

(i.e.  Are there radiation carcinogenesis genes?)

TJJ 2002



From a public health standpoint, why shouldFrom a public health standpoint, why should
we be concerned about radiation carcinogenesiswe be concerned about radiation carcinogenesis
genes?genes?

• Carriers of radiation carcinogenesis genes may
represent a subpopulation with significantly
elevated risk for radiation-induced cancer, that
needs special protection.

• It may be possible to identify high-risk individuals
by genotyping.

• Identification of genes associated with increase
risk of radiation-induced cancer may help identify
fundamental mechanisms of carcinogenesis, and thus
identify targets for cancer prevention and cure.



If there are high risk radiation carcinogenesis subIf there are high risk radiation carcinogenesis sub--
populations, how many people would fall into thesepopulations, how many people would fall into these
subpopulations?subpopulations?

• The best estimates for cellular radiosensitivity subpopulations
are a little less than 10%, but radiation carcinogenesis
subpopulations are more difficult to estimate.

• If the subpopulations represent a large percentage of the total
population, then their risk levels would have already been
incorporated into the population risk estimates.

• If the subpopulations are relatively small, then the subpopulations
might have risks substantially larger than the mean risk for the
population.



Peto and Mack, Nature Genetics 26:411, 2000

two breasts at risk

one breast at risk

“[ These data suggest that ] a high proportion, and perhaps the majority,
of breast cancers arise in a susceptible minority of women.”  



What would be the magnitude of their excess risk?What would be the magnitude of their excess risk?

• Difficult to determine, but individual risk could be
substantial. (Bomb data for breast cancer suggests
as high as 10-20 fold.)

• Could be expressed in different ways (e.g. early onset
of common tumors, multiple occurrences of different tumors,
increased incidence in specific tissues).



ICRP Publication 79, 1998

SUGGESTS  6 TO 20-FOLD
HIGH-RISK SUBPOPULATION

SUGGESTS ABOUT 10% OF
CASES ARE DUE TO HIGH-
RISK  INDIVIDUALS



Are there any clues to identifying candidate Are there any clues to identifying candidate 
radiation carcinogenesis genes?radiation carcinogenesis genes?

• Look at genes associated with a genetic predisposition to cancer.

• Look at genes within radiation signal transduction pathways. 

• Look at genes in error-free, rather than error-prone DNA
repair pathways (e.g. mismatch repair and base-excision
repair).

• Look at genes in cell cycle arrest pathways.



Genetic conditions associated with both 
high cancer susceptibility and radiation 

response pathways:
• Ataxia telangiectasia is the classic human disease of

cellular sensitivity to ionizing radiation (Cells mutated in ATM
3-fold more sensitive to cell killing compared to normal). Patients
have increased T-cell lymphomas, radiation association is weak.

• BRCA1 and BRCA2 are breast cancer susceptibility genes which
may play a role in radiation resistance. (Knock out embryos are
radiation sensitive, and BRCA1 is phosphorylated by ATM.)

• Rb is a cell cycle regulative protein that is defective in familial
retinoblastoma. Patients have extremely high incidence if
retinoblastoma. (Patients appear susceptible to radiation-induced
brain cancers, by means of LOH).



(continued)
Genetic conditions associated with both 
high cancer susceptibility and radiation 

response pathways:
• p53 is a radiation response gene involved in radiation-induced

cell cycle arrest and apoptosis. (Association of p53 with cellular
radioresistance is variable and tissue dependent.  Li-Fraumeni
patients do not appear to have abnormal radiosensitivity. Knock
out mice have nearly normal radiosensitivity.)

• Defective PATCHED gene results in high incidence of medulloblastoma
and spontaneous basal cell carcinomas. There is also an extremely
high incidence of radiation-induced basal cell carcinomas. (Gorlin
syndrome is the only human genetic disease with bono fide increased
sensitivity to radiation-induced cancer, and this occurs in the absence
of cellular radiosensitivity.)



These genetic diseases of radiation 
sensitivity contribute little to either 

population or individual risk for radiation 
carcinogenesis.

• Genetic diseases are very rare in the general population
and contribute little to population  risk.

• Genetic diseases have very high penetrance for cancer
phenotype. The patient’s baseline risk is so high that
radiation can do little to increase individual risk.



Low Incidence/High Penetrance
(important to affected individual)

vs.

High Incidence/Low Penetrance
(important to public health)



Codon 194 Codon 399Codon 280

Codon ?

XRCC1

XRCC3



EPIDEMIOLOGIC
ISSUES



Designs for detecting
GxE interaction

Interaction is deviation from the 
expected combined effects of genes 

(G) and environmental (E) risk factors

We don’t all react to environment in the 
same way…



Radiation is probably the best 
environmental carcinogen for discovering 

gene-environmental interactions.
• Dosimetry is better than for any other carcinogen. (Well controlled variable.)

• All tissues are at risk, and their relative sensitivities in normal
individuals has been well quantified, at least at higher doses.
(Multiple target organs for study.)

• Radioprotective molecular pathways are known with fairly good detail.
(Allows for selection of candidate genes, and “binning” of data.)

• Numerous candidate cellular radioresponse biomarkers exist. (Potential to
identify good markers for both dose and risk.)

• Large numbers of medically exposed populations for epidemiological
study populations. (Good dosimetry and high power.)



Testing for Gene-Environment 
Interaction

I11I10Genotype +

I01I00Genotype -

Envir. +Envir. -

For simplest binary exposure (E) & genotype (G):
If I11 is not a simple function of I01 & I10, there is 
statistical interaction

Slide courtesy of Dr. Terry Beaty



Testing for GxE Interaction

Express I11 as a function of the other 
rates & divide by baseline incidence I00 to 
get relative risks (which can be 
approximated by OR for rare diseases)

Additive Model Multiplicative Model

I11=I10 + I01- I00 I11 = I10* I01

OR11=OR10+OR01-1   OR11=OR10*OR01

Slide courtesy of Dr. Terry Beaty



Testing for GxE Interaction (cont’d)
If there is statistical interaction, these observed 

rates will be different than predicted.

Null Hypotheses:

Additive: 

Ho:ORint=OR11/(OR10 + OR01-1)=1

Multiplicative:

Ho:ORint=OR11/(OR10*OR01)=1

Slide courtesy of Dr. Terry Beaty



GxE in cohort & case-control designs

ORge=A11B00/A00B11B11A11RgeIRgeYesYes
ORe=A10B00/A00B10B10A10ReIReNoYes
ORg=A01B00/A00B01B01A01RgIRgYesNo

1B00A001INoNo

Odds ratioCont
.

CaseRel riskDis. 
risk

Geno-
type

Expo-
sure

Case-control studyCohort study 

• Re:  Risk among exposed non-carriers (divided by I)
• Rg:  Risk among unexposed carriers (divided by I)
• Rge: Risk due to interaction (divided by I)
•Yang & Khoury (1997) Epidemiol Rev 19:33-43

Slide courtesy of Dr. Terry Beaty



Study designs for GxE
DisadvantagesAdvantagesStudy design
Cannot estimate 
main effects; 
Assumes G & E are 
independent

Cheaper; may be more 
efficient

Case only 

Can’t test for E aloneAvoids confounding; 
can test for GxE & GxG

Case-parent 
trios

Overmatching for G 
& E; Not all cases 
can be used

Minimizes potential for 
confounding

Case-control
(related)

Confounding due to 
pop. stratification is a 
danger

Broad inferences for 
population based 
samples

Case-control 
(unrelated) 

See Andrieu & Goldstein (1998) Epi Rev 20:137-147 
Goldstein & Andrieu (1999) Monograph JNCI 26:49-54.Slide courtesy of Dr. Terry Beaty



Statistical tools for GxE tests
• Case only designs

– Odds ratios
– Log linear models 

• Case-control designs
– Chi-square tests on allele frequencies
– Logistic regression predicting case status 

• Case-parent trios
– Transmission disequilibrium test (chi-square)
– Conditional logistic regression predicting transmission or occurrence of 

genotype 
– Log-linear models
– Chi-square goodness of fit statistics for families

Slide courtesy of Dr. Terry Beaty



2x2 table for case-only

dcE-
baE+

G-G+CasesRg=risk among G+,E-
Re=risk among G-,E+
Rge=risk among G+,E+

ORCA=Rge/(Re* Rg)*ORco
Where ORco is odds ratio (among 
controls) relating genotype & 
exposure

Slide courtesy of Dr. Terry Beaty



Example of case-only
• If genotype & exposure are 

independent, ORco =1, so ORCA is a 
valid measure of GxE interaction 

• CP cases from Hwang et al (1995)
• Case-only OR=5.1 (1.5-18.5)

– OR=5.5 (2.1-14.8)  from case-
control

• Genotype of baby, exposure of 
mother likely independent

• Yang & Khoury (1997)

d=13c=13E-
b=7a=36E+
G-G+Cases

Slide courtesy of Dr. Terry Beaty



GxE in case-control design

--hg--
ORE=eh/fgfe+-

ORG=ch/dgdc-+
ORGE=ah/bgba++

EstimatorControlCaseEG

Multiplicative Interaction: ORGE/(ORG*ORE)

Slide courtesy of Dr. Terry Beaty



Hwang et al. (1995)  Cleft palate, 
TGFA & maternal smoking

1.78-27.67.021113C2
0.35-2.190.886913No C2Smoker
0.36-1.560.76347C2

Ref16736No C2Non-
smoker

95%CIOR*ControlsCasesTGFASmoking

*Adjusted for maternal age & parity
Hwang et al. (1995) Am J Epidemiol 141:629-636

Slide courtesy of Dr. Terry Beaty



Maternal CYP1A1 genotype & smoking 
with low birth weight in baby

2722Aa & aa

2.58 
(p=0.02)

5718AAOnly 
smoking 
mothers

1.01
(ns)24868Aa & aa

33491AAAll 
mothers

Odds 
Ratio

#
>2500

# 
<2500

Mat 
CYP1A1

Dwyer et al (2004; in press)
Slide courtesy of Dr. Terry Beaty



Another example Pesticide exposure, 
GSTP1 genotype & risk to Parkinson’s

Parkinson’s

1232Val/-

5.33 
(p=0.004)

147Ile/IleOnly 
exposed 

(pesticides)

1.31
(ns)5662Val/-

3933Ile/IleAll subjects

Odds 
RatioControlsCases

GSTP1 
codon 
105

Dwyer et al (2004; in press)
Slide courtesy of Dr. Terry Beaty



Sample size & Power 
calculations using Quanto

• Gauderman (2002) STAT MED 21:35-50
• http://hydra.usc.edu/gxe
• Windows based program to calculate sample 

size or power to detect GxE interaction for 
– Case-Control
– Case-Sib control
– Case-parent trio
– Case only

Slide courtesy of Dr. Terry Beaty



Download Quanto
• http//hydra.usc.edu/gxe
• Click on Quanto
• Specify 

– Design
– Hypothesis
– Genetic model
– Exposure prevalence
– Disease risk model

• Notice marginal effects change

– Power vs sample size
• Calculate

Slide courtesy of Dr. Terry Beaty



Quanto output

Outcome:                        Disease
Design:                         Unmatched case-control (1:1)
Hypothesis:                     Gene-environment interaction
Desired power:                  0.800000
Significance level:             0.0500, 2-sided
Gene

Mode of inheritance:         Dominant
Allele frequency:            0.1000

Binary environmental factor
Prevalence                   0.1000

Disease model                   Summary parameters
*P0:     0.000764                kp:     0.001000
RG:       2.0000               *RbarG:    1.9999
RE:       2.0000               *RbarE:    1.9998
RGE:      1.0000                (*indicates calculated value)

Slide courtesy of Dr. Terry Beaty



Quanto output (cont’d)
Parameter    Null       Full       Reduced

----------------------------------------------
Interaction  bGE=0      bGE,bG,bE  bG,bE
Gene         bG=0       bG         ----
Environment  bE=0       bE         ----
----------------------------------------------

N
--------------------------------------------------

RGE                    Interaction Gene     Environment    P0     RbarG     RbarE
------------------------------------------------------------------------------------------
1.0000    Cannot calculate             177             281  0.000764    1.9999    1.9998
2.0000                1480             111             131  0.000723    2.3617    2.6356
3.0000                 558              80              82  0.000685    2.7219    3.2688
4.0000                 341              62              59  0.000652    3.0807    3.8999
5.0000                 249              51              46  0.000622    3.4384    4.5292

------------------------------------------------------------------------------------------
N is the number of cases required for the desired power
The required number of controls is 1xN

Slide courtesy of Dr. Terry Beaty



Minimum 
Sample 
Size
Hwang et al (1994)
AJE 140:1029-1037

Slide courtesy of Dr. Terry Beaty



…depends on strength of ORInt

Slide courtesy of Dr. Terry Beaty



CONFOUNDERS:CONFOUNDERS:

AGE

SKIN COLOR

DOSE



The Bare Facts of Aging
Photograph by Sarah Leen

National Geographic Magazine, November 2002

AGE



<19
<39

<62

BCC and SCC

Melanoma

8000
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700

4900

400

150
0

1000

2000

3000

4000

5000

6000

7000

8000

RR

Age (years)

RR for XP patients by age

adapted from Kraemer et al. Arch Dematol 130:1018, 1994

If age dependence of RR in XP holds true for 
“normal” variants, then a strong negative 
multiplicative interaction may be involved.



• A disease of accelerated aging.

• Gene (WRN) encodes a helicase (RecQ) involved in DNA repair and 
DNA replication.

• Normal aging may involve decrease in DNA repair.

• Scleroderma-like skin changes.

• Increased incidence of malignancy: GI tract, lung, kidney, ovary, breast.

WERNER  SYNDROME

14 y 48 y



Age and DNA Repair Capacity (DRC) in BCC

Wei et al. PNAS 90:1614, 1993



Exp Dematology 12:655, 2003

Age-Dependent Reactive Oxygen Species (ROS)



DNA Damage

Aging

DNA repairDNA repair genes

The multiple pathways through which aging can interact
in the gene to cancer pathway, makes aging an important
confounder that needs to be carefully adjusted for.

Epidemiological limitation is that we can only adjust for
chronological age and not biological age.

(cancer)



SKIN
COLOR

GENETICS



Skin color is a powerful risk modifier:

Whites have ~100-fold higher BCC incidence than blacks.

Whites have ~10-fold higher SCC incidence than blacks.



Photograph by Sarah Leen;
map created by George
Chaplin

Australian Aborigine
Glenys Martin holds a
map of  human skin
colors based on global
ultraviolet radiation
intensity and
precipitation levels.

National Geographic Magazine, November 2002

SKIN  COLOR GEOGRAPHY



Competing Nutrient Hypothesis of Skin Color

PROBLEM:
Sun burn and skin cancer are not thought to affect
reproductive success. So what is the evolutionary
pressure selecting for skin color correlation with UV
exposure?

Folate Previtamin DUVUVUV

Jablonski and Chaplin, J Human Evolution 39:57, 2000



Am J Epidemiol 155: 614, 2002

Melanin density is 
inversely related to 
skin cancer risk.



Melanocortin-1 receptor gene (MC1R) may control for skin type

American J. Epidemiology 159, 2004
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Genotype = Exposure

Altered Epidemiologic Paradigm:

Radiation Dose is NOT the Exposure

Dose = Effect Modifier or Confounder
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GENES CONFOUNDING
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TAKE-HOME  MESSAGE:

• Because of good dosimetry, large numbers of medically exposed individuals, 
multiple tissues at risk, and reasonably strong mechanistic models,  ionizing radiation
is probably the best carcinogen for studying gene/environment interactions in
humans.

• Genetic conditions which alter cellular radioresponses without increasing cellular
radiosensitivity might provide the most promising area for discovering radiation
carcinogenesis genes.

• Carefully selected DNA repair, cell cycle, and signal  transduction pathways may
offer unique opportunities for discovery.

• The PTCH gene pathway may offer a good opportunity for  discovering high
frequency/low penetrance radiation carcinogenesis genes.

• Basic mechanistic research has the potential to suggest candidate genes and
polymorphisms, and provide intermediate phenotype biomarkers of susceptibility.

• Epidemiology remains the gold standard for proving gene/environment interactions,
and basic sciences needs to pose hypotheses in a way that can be addressed by
epidemiology.

• Genetic epidemiology strengthens environmental epidemiology.


