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Course ObjectivesCourse Objectives

•• Why all the fuss about genetically engineered miceWhy all the fuss about genetically engineered mice

•• Biomedical research careers for engineered miceBiomedical research careers for engineered mice

•• How to join the genetically engineered mouse band How to join the genetically engineered mouse band 
parade without getting pummeled parade without getting pummeled 



Why Examine Engineered Mice?Why Examine Engineered Mice?

•• To discover biological roles for novel genesTo discover biological roles for novel genes

•• To investigate mechanisms of diseaseTo investigate mechanisms of disease

•• To evaluate potential new therapeutic targetsTo evaluate potential new therapeutic targets

•• To screen agents for efficacy and/or toxicityTo screen agents for efficacy and/or toxicity

Int. J. Int. J. ToxicolToxicol .  21:55, 2002.  21:55, 2002



Use of Genetically Engineered MiceUse of Genetically Engineered Mice
in Research is Rising Rapidlyin Research is Rising Rapidly

•• From 1989 to 1994, the number of genetically From 1989 to 1994, the number of genetically 

modified animals used for research in Great modified animals used for research in Great 

Britain increased from 90,000 to 400,000 (Britain increased from 90,000 to 400,000 ( 444444%).%).

•• The total number of animals used for research in The total number of animals used for research in 

Great Britain remained constant during this time.Great Britain remained constant during this time.



Strategic Considerations for Using Strategic Considerations for Using 
Genetically Engineered MiceGenetically Engineered Mice

•• Choose an existing modelChoose an existing model
•• Well characterized genotype and phenotype(s)Well characterized genotype and phenotype(s)

•• Commercially availableCommercially available

•• Engineer a new model from scratchEngineer a new model from scratch
•• Defines new functions of known genes (hypothesisDefines new functions of known genes (hypothesis --

driven)driven)

•• Explores functions of new genes (biologyExplores functions of new genes (biology --driven)driven)

•• Takes a long time!Takes a long time!



Biomedical Research CareersBiomedical Research Careers
for Genetically Engineered Micefor Genetically Engineered Mice

•• Basic ResearchBasic Research

•• Applied Research Applied Research 
•• Screening Screening 

•• Therapeutic SequelaeTherapeutic Sequelae



Genetically Engineered Mice Genetically Engineered Mice 
in Basic Biomedical Researchin Basic Biomedical Research

FUNCTION EXAMPLES

Cell Injury Cytokines:  IL-x, IFN, TGF, TNF
Death Factors:  APP, huntingtin
Enzymes:  caspases, MMP, NOS, SOD

Metabolism Phase I:  cytochromes P450
Phase II:  GGT

Transduction Receptors:  AhR, EGF, estrogen, RAR
Transducers:  connexins, cyclases



AbbreviationsAbbreviations

AhR aromatic hydrocarbon receptor
APP amyloid precursor protein
EGF epidermal growth factor
GGT gamma-glutamyl transferase
IFN interferon
IL-x interleukin-x 
MMP matrix metalloprotease
NOS nitric oxide synthase
RAR retinoic acid receptor
SOD superoxide dismutase
TGF transforming growth factor
TNF tumor necrosis factor



Basic Research in Toxicant Biology: Basic Research in Toxicant Biology: 
Cytochrome P450 1A2 as a ModelCytochrome P450 1A2 as a Model

•• CYP 450 BiologyCYP 450 Biology
•• Metabolizes endogenous and exogenous substratesMetabolizes endogenous and exogenous substrates

•• Estimated 60 CYP 450 genes in humansEstimated 60 CYP 450 genes in humans

•• Different enzymes metabolize different substratesDifferent enzymes metabolize different substrates

•• CYP1A2CYP1A2
•• Mediates NMediates N --hydroxylation of amino groupshydroxylation of amino groups

•• High constitutive liver expression (human and mouse )High constitutive liver expression (human and mouse )

•• Metabolizes many significant toxicants but only a f ew Metabolizes many significant toxicants but only a f ew 
endogenous substrates endogenous substrates 



Exploration of Toxicant Metabolism Exploration of Toxicant Metabolism 
using Cyp1a2 Knockout Miceusing Cyp1a2 Knockout Mice

•• Cyp1a2 Null Mutant (Cincinnati)Cyp1a2 Null Mutant (Cincinnati)
•• Proc. Natl. Acad. Proc. Natl. Acad. SciSci . USA. USA 93: 1671, 1996 93: 1671, 1996 

•• Partial loss of Partial loss of exonexon 2 with total loss of 2 with total loss of exonsexons 3, 4, 53, 4, 5

•• Viable, fertile mice with no phenotype until challe ngedViable, fertile mice with no phenotype until challe nged

•• Cyp1a2 Null Mutant (NIH)Cyp1a2 Null Mutant (NIH)
•• Proc. Natl. Acad. Proc. Natl. Acad. SciSci . USA. USA 92: 5134, 1995 92: 5134, 1995 

•• Disruption but not deletion of Disruption but not deletion of exonexon 22

•• Lethal respiratory distress (only in early generati ons, with Lethal respiratory distress (only in early generati ons, with 
incomplete penetrance)incomplete penetrance)

•• No phenotype until challenged (later generations)No phenotype until challenged (later generations)



NecropsyClinical
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Common Scheme for Phenotyping Common Scheme for Phenotyping 
Genetically Engineered Mice Genetically Engineered Mice 
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Triage Plan for Choosing Research Triage Plan for Choosing Research 
Projects that Use Engineered Mice Projects that Use Engineered Mice 



Genetically Engineered Mice: Genetically Engineered Mice: 
Screening for Genetic ToxicologyScreening for Genetic Toxicology

Carcinogenesis p53 +/-, Tg.Ac

Mutagenesis lacI (Big Blue ®®), lacZ (Muta ÔÔÔÔ Mouse) 

EFFECT EXAMPLES



Carcinogenicity Testing with Carcinogenicity Testing with 
Genetically Engineered MiceGenetically Engineered Mice

•• Exposure length for conventional bioassay: 2 yearsExposure length for conventional bioassay: 2 years

•• Exposure length for bioassay with engineered mice: Exposure length for bioassay with engineered mice: 

6 months (or less)6 months (or less)

RationaleRationale

Time = MoneyTime = Money



Impact on Tumor Rate of Impact on Tumor Rate of 
Engineered Genetic MutationsEngineered Genetic Mutations
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The The pp5353+/+/-- Mouse Model for Mouse Model for 
ShortShort --term Carcinogenicity Testingterm Carcinogenicity Testing

•• MutationMutation
•• One copy of One copy of p53p53 tumor suppressor gene deletedtumor suppressor gene deleted

•• p53 involved in cell cycle control and DNA repairp53 involved in cell cycle control and DNA repair

•• p53 mutations common in spontaneous neoplasms p53 mutations common in spontaneous neoplasms 
(human and rodent)(human and rodent)

•• Stable phenotype with few spontaneous tumorsStable phenotype with few spontaneous tumors

•• UtilityUtility
•• Screen: initiating agents Screen: initiating agents 

•• Responsive to genotoxic carcinogensResponsive to genotoxic carcinogens



The The Tg.AcTg.Ac Mouse Model for Mouse Model for 
ShortShort --term Carcinogenicity Testingterm Carcinogenicity Testing

•• MutationMutation
•• Transgenic insertion of Transgenic insertion of vv--HaHa--rasras oncogeneoncogene

•• Activated Activated rasras drives cell proliferation drives cell proliferation 

•• Clinical response simulates genetic initiationClinical response simulates genetic initiation

•• Stable phenotype with few spontaneous tumorsStable phenotype with few spontaneous tumors

•• UtilityUtility
•• Screen: initiating and promoting agentsScreen: initiating and promoting agents

•• Responsive to genotoxic and nonResponsive to genotoxic and non --genotoxic agentsgenotoxic agents



Carcinogenicity Assay Experience Carcinogenicity Assay Experience 
with Genetically Engineered Micewith Genetically Engineered Mice

•• Controls:Controls:
•• Positive control agent: Positive control agent: pp--cresidinecresidine (400 mg/kg PO)(400 mg/kg PO)

•• Wild type control mice (vehicle and high dose group s)Wild type control mice (vehicle and high dose group s)

•• Group size: n = 10 to 15 per sex per doseGroup size: n = 10 to 15 per sex per dose

•• Length of exposure: Length of exposure: 
•• 4 wks (dose range finding) 4 wks (dose range finding) 

•• 24 to 26 weeks (bioassay)24 to 26 weeks (bioassay)

•• Route of exposure: anyRoute of exposure: any

Study DesignStudy Design



Carcinogenicity Assay Experience Carcinogenicity Assay Experience 
with Genetically Engineered Micewith Genetically Engineered Mice

•• Positive results in Positive results in SalmonellaSalmonella and 2and 2 --yr rodent screensyr rodent screens

= Positive results in 6= Positive results in 6 --mo mo p53p53+/+/-- and and Tg.AcTg.Ac mouse assaysmouse assays

•• Negative Negative SalmonellaSalmonella test but positive 2test but positive 2 --yr rodent screen yr rodent screen 

= Negative in = Negative in p53p53+/+/-- but positive in but positive in Tg.AcTg.Ac 66--mo assaysmo assays

•• Variable Variable SalmonellaSalmonella data and negative 2data and negative 2 --yr rodent screen yr rodent screen 

= Negative results in 6= Negative results in 6 --mo mo p53p53+/+/-- and and Tg.AcTg.Ac mouse assaysmouse assays

Hypothetical ResultsHypothetical Results



Carcinogenicity Bioassay Experience Carcinogenicity Bioassay Experience 
with Genetically Engineered Micewith Genetically Engineered Mice

•• p53p53+/+/-- micemice
•• Formed tumors in response to 12 of 16 known genotox ic Formed tumors in response to 12 of 16 known genotox ic 

carcinogens, including  2 of 3 human carcinogenscarcinogens, including  2 of 3 human carcinogens

•• Did not develop tumors after exposure to known nonDid not develop tumors after exposure to known non --
genotoxic carcinogens (n =22)genotoxic carcinogens (n =22)

•• Tg.AcTg.Ac micemice
•• Formed tumors in response to 6 of 13 known carcinog ens, Formed tumors in response to 6 of 13 known carcinog ens, 

including  3 of 3 human nonincluding  3 of 3 human non --genotoxic carcinogensgenotoxic carcinogens

•• Exhibited an equivocal response to 2 of 3 known gen otoxic Exhibited an equivocal response to 2 of 3 known gen otoxic 
carcinogens, and a negative response to the othercarcinogens, and a negative response to the other

Historical ResultsHistorical Results



Other Mutant Mouse Models for Other Mutant Mouse Models for 
ShortShort --term Carcinogenicity Testingterm Carcinogenicity Testing

rasH2 Transgenic for human c-Ha- ras

TAg Transgenic for SV40 T antigen 

MODEL MANIPULATION

Xpa Knockout of xeroderma pigmentosum gene

Xpa / p53+/- Deletion of both Xpa and one p53 alleles



•• RationaleRationale –– in vitroin vitro techniques do not techniques do not 
•• model model pharmacodynamicspharmacodynamics

•• model target tissue biologymodel target tissue biology

•• allow comparative assessment among targetsallow comparative assessment among targets

•• Construction of the Mutagenesis SiteConstruction of the Mutagenesis Site
•• Transgene constructionTransgene construction

•• Transgene Transgene in vivoin vivo

Mutagenicity Testing with Mutagenicity Testing with 
Transgenic MiceTransgenic Mice

Vector Mutagenesis Target Vector



AbbreviationsAbbreviations

bbbbGal bacterial bbbb-galactosidase

lac lac (lactose metabolism) operon

lacI gene encoding repressor protein

lacO gene encoding operator protein

lacZ gene encoding bbbbGal

Pol RNA polymerase



Molecular Basis of Mutagenicity Testing Molecular Basis of Mutagenicity Testing 
with Genetically Engineered Micewith Genetically Engineered Mice

lacZ lac I

bbbbGal

No Mutation Mutation

Lac repressor

Big BlueBig Blue ®® SystemSystem

lacO

lacZ lac IlacO lacZ lac IlacO

lacZ lac IlacO lacZ lac IlacO

X

X

Vector lacZ Vectorlac I

Pol

Pol



Mutagenicity Testing Protocol with Mutagenicity Testing Protocol with 
Genetically Engineered MiceGenetically Engineered Mice

Engineered 
Mouse

Toxicant 
Exposure

Isolate Target Tissues 
and Extract DNA

Isolation of 
Mutated DNA

Mutated DNA 
Inserted into Phage

Phage Assay on 
Sensitive Bacteria

X



•• Mutagenesis target: bacterial Mutagenesis target: bacterial lacIlacI

•• Integration site: chromosome 4Integration site: chromosome 4

•• Copy number: ~ 40 per chromosomeCopy number: ~ 40 per chromosome

•• Copies per cell: 40 (Copies per cell: 40 ( hemizygoushemizygous ) or 80) or 80

•• Shuttle vector: Shuttle vector: bacteriophagebacteriophage lll llll l

•• Genetic background: B6C3F1 or C57BL/6Genetic background: B6C3F1 or C57BL/6

•• Vendor: Vendor: StratageneStratagene

•• Spontaneous mutation frequency: Spontaneous mutation frequency: ££££££££ 6 x 106 x 10 --55

The Big BlueThe Big Blue ®® Mouse Mouse 
Mutagenicity AssayMutagenicity Assay



•• Mutagenesis target: bacterial Mutagenesis target: bacterial lacZlacZ

•• Integration site: chromosome 3Integration site: chromosome 3

•• Integration orientation: headIntegration orientation: head --toto --tailtail

•• Copies: ~ 40 per chromosome, 80 per cellCopies: ~ 40 per chromosome, 80 per cell

•• Shuttle vector: Shuttle vector: bacteriophagebacteriophage lll llll l

•• Genetic background: (BALB/c x DBA/2) CDGenetic background: (BALB/c x DBA/2) CD 22 FF11

•• Vendor: Vendor: CovanceCovance Research ProductsResearch Products

•• Spontaneous mutation frequency: Spontaneous mutation frequency: ££££££££ 3 x 103 x 10 --55

The The MutaMuta ÔÔÔÔÔÔÔÔ Mouse Mouse 
Mutagenicity AssayMutagenicity Assay



Protocol for Mutagenicity Testing Protocol for Mutagenicity Testing 
Using Genetically Engineered MiceUsing Genetically Engineered Mice

•• Positive control:Positive control:
•• Agent: Agent: methylnitrosoureamethylnitrosourea (MNU)(MNU)

•• Dose:  2 mg/kg (3 week old mice)Dose:  2 mg/kg (3 week old mice)

5 mg/kg (6 week old mice)5 mg/kg (6 week old mice)

•• Strain:  B6C3F1 > C57BL/6, (BD)CD2F1Strain:  B6C3F1 > C57BL/6, (BD)CD2F1

•• Length of exposure: 1 to 28 days (usually 7)Length of exposure: 1 to 28 days (usually 7)

•• Route of exposure: anyRoute of exposure: any

Study DesignStudy Design



Decision Tree for Carcinogenicity Decision Tree for Carcinogenicity 
Testing using Engineered MiceTesting using Engineered Mice

New Chemical Entity

Structural Alert Mutagenicity Assay

Salmonella
(In Vitro)

Engineered Mouse
(In Vivo )



Decision Tree for Carcinogenicity Decision Tree for Carcinogenicity 
Testing using Engineered MiceTesting using Engineered Mice

New Chemical Entity

Structural Alert Mutagenicity Assay
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Engineered Mouse
(In Vivo )

Mutagen Non-Mutagen

+



Decision Tree for Carcinogenicity Decision Tree for Carcinogenicity 
Testing using Engineered MiceTesting using Engineered Mice
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Decision Tree for Carcinogenicity Decision Tree for Carcinogenicity 
Testing using Engineered MiceTesting using Engineered Mice
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Genetically Engineered Mice: Genetically Engineered Mice: 
Assessing Toxic SequelaeAssessing Toxic Sequelae

Impact of Chronic Therapy bbbb-secretase knockout mice

Identify Side Effects Artemin-transgenic mice

FUNCTION ASSESSED EXAMPLES



ChronicChronic bbbbbbbb--Secretase Blockade as a Secretase Blockade as a 
Strategy to Treat AlzheimerStrategy to Treat Alzheimer ’’s Diseases Disease
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Impact of Chronic Impact of Chronic bbbbbbbb--Secretase Secretase 
Blockade on Blockade on AmyloidAmyloid AccumulationAccumulation

APP-transgenic
APP-transgenic x 

bbbb-secretase knockout

Caudate 
Nucleus

Caudate 
Nucleus



Artemin Therapy as a Strategy for Artemin Therapy as a Strategy for 
Treating Peripheral NeuropathyTreating Peripheral Neuropathy

Factor Receptor Distribution in Mammals

GDNF GFRaaaa1 >> GFRaaaa2 Central Nervous System

Neurturin GFRaaaa2 >> GFRaaaa1 Central Nervous System

Artemin GFRaaaa3 Peripheral Nervous System

Persephin GFRaaaa4 Central Nervous System
Thyroid



Neural Metaplasia in Adrenal Neural Metaplasia in Adrenal 
After Acute Artemin ExposureAfter Acute Artemin Exposure

Protein Injection Gene Therapy

Toxicol Pathol 32: 275 , 2004

Adrenal lesions resulting from short-term artemin e xposure in adult



Proliferative Adrenal Lesions From Proliferative Adrenal Lesions From 
Chronic Artemin OverChronic Artemin Over --ExpressionExpression

Adrenal lesions resulting from lifelong over-expres sion of artemin

Toxicol Pathol 32: 275 , 2004



Enlarged Sympathetic Ganglia Enlarged Sympathetic Ganglia 
From Artemin OverFrom Artemin Over --ExpressionExpression

Wild Type Fetus Transgenic Fetus

E16.5 lesion resulting from lifelong over-expressio n of artemin

Toxicol Pathol 32: 275 , 2004



ImpactImpact of Artemin Supplementationof Artemin Supplementation

Artemin Therapy in Mice
(acute parenteral delivery 
of recombinant protein)

Artemin -Transgenic Mice
(life-long exposure 

after embryo microinjection)

Artemin -Transgenic Mice
(chronic exposure of adults

via viral gene therapy)

Hyperplasia of
Adrenal Medulla

Dysplasia of
Adrenal Medulla and 
Autonomic Ganglia

Hyperplasia of 
Adrenal Medulla and
Autonomic Ganglia

No phenotype
2 studies

1 study

Side Effects Outweigh Benefits of Artemin TherapySide Effects Outweigh Benefits of Artemin Therapy

2 studies



Engineered Mice in Biomedicine: Engineered Mice in Biomedicine: 
Keeping on the Straight and NarrowKeeping on the Straight and Narrow

•• Control Phenotypic DivergenceControl Phenotypic Divergence
•• Genetic background (strain, heterogeneity) Genetic background (strain, heterogeneity) 

•• Length of targeted sequence (knockouts)Length of targeted sequence (knockouts)

•• Insertion site (transgenes)Insertion site (transgenes)

•• Copy number (transgenes)Copy number (transgenes)

•• Control husbandryControl husbandry
•• Standard environmentStandard environment

•• Follow fertility and viabilityFollow fertility and viability



Lessons LearnedLessons Learned

•• Get readyGet ready .  Genetically engineered mice will see .  Genetically engineered mice will see 
increasing use in drug discovery researchincreasing use in drug discovery research

•• Get setGet set .  Genetically engineered mice will play an .  Genetically engineered mice will play an 
important role in both basic investigations and in important role in both basic investigations and in 
molecule screeningmolecule screening

•• GoGo.  These models will supplement and possibly even .  These models will supplement and possibly even 
supercede some conventional assayssupercede some conventional assays

•• But be sure to go the right wayBut be sure to go the right way .  Absence of a distinct .  Absence of a distinct 
phenotype suggests that phenotype suggests that the engineered gene encodes the engineered gene encodes 
a protein with no major therapeutic potentiala protein with no major therapeutic potential -------- so be so be 
prepared to prune aggressivelyprepared to prune aggressively


